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Chapter 1 



Preface 



Until relatively recently, only before about thirty years ago, a physicist would divide contemporary 
knowledge in physics into two major, largely independent sectors, cosmology and particle physics. 
This division would reflect the two greatest scientific achievements of twentieth century theoretical 
physics, general relativity and quantum mechanics. And although we have not yet concluded, 
despite our great effort, in a unique verifiable theory, which would engage the above two in a 
single theoretical framework, interestingly enough, in recent years, particle physics and cosmology 
are found to be intimately connected in such an extent that we often include both of them under 
the general title "High Energy Physics" (HEP). Physicists in our days can hardly concoct particle 
physics without worrying about the cosmological consequences of their models and vice versa. 
This has been so mainly due to "inflation" , a model of cosmological evolution that has brought a 
change of paradigm in cosmology since 1981, when Alan Guth first published his idea. 

This thesis belongs to this category of modern physics, this hybrid sector that incorporates 
research on the smallest and the largest, the particles and the universe. More specifically, we 
explore here the phenomenological and cosmological consequences of a specific model belonging 
to a class of models called "supersymmetric" . Supersymmetry (SUSY) is basically a symmetry, as 
its name suggests. But it is more than that. It is a new way of making physics, it is an ordering 
system within physics, it is a theory by itself. We will have more to say about supersymmetry 
in Chap. [21 To summarize, in this thesis we work with supersymmetry, a subcategory of particle 
physics, and with inflation, a subcategory of cosmology. The classification is rough since, as we 
explained, the boundary between particle physics and cosmology is in our days obscure. We have 
chosen a specific supersymmetric model, constructed some years ago to cope with a known particle 
physics problem, and explored its surprisingly rich inflationary cosmology. 

In Chap. [5] we review some of the salient features of SUSY. We show how one can complement 
the Standard Model (SM) of particle physics to become compatible with SUSY and we deduce 
the minimal particle spectrum as it is expected to be if SUSY is realized in nature. Finally, we 
mention the case that SUSY becomes local, known as "supergravity" (SUGRA), and show its 
effect on the scalar potential of the theory, which is important for cosmology. This chapter is not 
intended to be a comprehensible introduction to SUSY but rather a "notation and conventions" 
chapter, included to make the reader familiar with the specific notation used in this thesis. 

In Chap. [3] we give a short introduction to hybrid inflation, the kind of inflation most usually 
found in SUSY models. We begin by introducing the original model and then we go on to consider 
its natural realization within supersymmetric theories. Then, we describe in some detail two 
variants of SUSY hybrid inflation, namely "smooth" and "shifted" hybrid inflation. These models 
were introduced to solve the problem of monopole overproduction after the end of inflation in 
SUSY Grand Unified Theories (GUTs) that predict their existence. These variants of hybrid 
inflation also appear naturally in the cosmology of the model we investigate in this thesis. 

Next, in Chap. EJ the specific model that will be the object of our survey, is introduced. 
We display the symmetries and describe the particle spectrum of the model. We exhibit the 
new lagrangian terms and give briefly the reasoning for their introduction. Finally, we shortly 
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summarize the main property of the model, i.e. Yukawa quasi-unification. As the reader may 
notice, cosmology and inflation are not mentioned in this chapter. This reflects the fact that this 
model was first introduced to deal with a problem completely irrelevant to cosmology and it was 
only later realized that this model also contains interesting inflationary phenomenology. 

In the following chapters we start unfolding the rich "inflationary variety" of the model. In 
Chap. we describe the first cosmological scenario, named "new shifted" hybrid inflation. The 
name suggests its resemblance with standard shifted hybrid inflation, discussed in Sec. 13.51 Its 
novelty consists of the fact that, in contrast to the standard scenario, it is realized only by renor- 
malizable interactions in the lagrangian. Of course, the mere fact that this inflationary scenario 
naturally arises from a specific viable particle physics model has its own value. We first present 
the scenario in global SUSY and summarize the calculation of radiative corrections, which are 
important for driving inflation. Then, we consider the changes that are brought to the model 
by making SUSY local, i.e. by including SUGRA corrections. In particular, it is shown that the 
scenario remains viable and that inclusion of SUGRA does not ruin inflation. 

An other, qualitatively different, inflationary scenario, contained in the same particle physics 
model for a wide range of the parameter space, is presented in Chap. It is called "semi-shifted" 
hybrid inflation and, as its name suggests, it also bears similarities to shifted hybrid inflation. 
However, in this case, the GUT gauge group is not completely broken to the SM gauge group 
during inflation but it carries an extra unbroken U(l) symmetry, which breaks immediately after 
inflation leading to the formation of cosmic strings. These strings can then contribute a small 
amount to the primordial curvature perturbation, giving thus a different cosmological situation. 
We first introduce the model in global SUSY and give some details of the calculation of the 
radiative corrections, which, as usual, are important for driving inflation. Then, we account for 
SUGRA corrections in the model and present the necessary framework for dealing with cosmic 
strings. Finally, we display our numerical results and show how this model can become compatible 
with gauge coupling constant unification. 

In Chap. [7] we introduce the "new smooth" hybrid inflation model. Its name, as compared 
to "new shifted" hybrid inflation, suggests the resemblance of this model with smooth hybrid 
inflation, discussed in Sec. 13.41 Again, one interesting feature of the new model, in contrast to the 
old one, is its realization with the sole use of renormalizable interactions. However, this is not its 
only advantageous point. It turns out that the model provides us with one extra degree of freedom 
in fitting the cosmological data. Thus, in the case of global SUSY, we can achieve spectral indices 
much lower than the ones expected from the old model. Nevertheless, when we go on to consider 
the effect of SUGRA corrections, we will see that this degree of freedom is not enough, by itself, 
to account for a spectral index compatible with recent data. Thus, in Sec. 17.31 we explain how we 
can work this problem out, by including non-minimal terms in the Kahler potential. 

An other feature of the "new smooth" model that can be exploited in our favor is the fact 
that the "new smooth" inflationary phase follows continuously from the standard hybrid phase, 
also contained in the same particle physics model under consideration. This guides us to the 
construction of a two-stage inflation model, which incorporates the two aforementioned consecutive 
stages and leads to increased freedom in fitting the cosmological data. This scenario, called 
"standard-smooth" hybrid inflation, is described in Chap. [5] We first present, as usual, the model 
in the global SUSY case. Then, we introduce SUGRA corrections and show that the predicted 
parameters can easily become compatible with the data, even in the case of minimal SUGRA. In 
the last section of this chapter, we again give a brief account of gauge coupling constant unification. 

Finally, in Chap. [H we summarize our conclusions from the survey of this model, which, if 
nothing else, it demonstrates the usefulness of relating cosmology with particle physics, as well as 
the wealth of new cosmological models that can emerge even from a single particle physics model. 
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Chapter 2 



Supersymmetry and the Minimal 
Supersymmetric Standard Model 

2.1 Introduction 

The Standard Model (SM) of high energy physics, incorporating the Glashow-Weinberg-Salam 
model of electroweak interactions and the theory of Quantum Chromodynamics into a single 
theory, based on the semi-simple gauge group Gsm = SU(3) C x SU(2)l x U(1)y, has been proven 
a very successful framework for the description of particle physics experiments at energies up to a 
few hundreds GeV. Nevertheless, a number of theoretical reasons indicate that the SM may not 
be a correct theory at higher energies. 

First of all, it is not a complete theory since it does not include gravity and any attempt so 
far towards this direction has failed. But, regardless of that purely theoretical reason, there are 
also hitches of a more "quantitative" nature. In particular, the so called "hierarchy problem", 
establishes a huge discrepancy between the experimentally anticipated order of magnitude for the 
Higgs boson mass and its theoretical prediction. We know from the experiment that if the Higgs 
boson is responsible for the masses of all the particles in the SM, then its vacuum expectation 
value (VEV) is of the order (H) ~ 170 GeV. Any reasonable symmetry breaking theory should 
contain a Higgs field with a mass between 100 and 1000 GeV if it is to predict the correct VEV for 
it without significant fine tuning. The problem is that such a low mass parameter is susceptible 
to large radiative corrections, which render it of the order of the unification scale of the theory. 
Since we are not willing to abandon the idea that the Higgs field is the origin of the masses of 
all the massive particles (this is the reason it was introduced in the first place), the only way for 
such a low mass parameter to be stable under radiative corrections is through some kind of special 
symmetry, able to fix the positive and negative parts of the radiative corrections to be exactly 
equal, so that they can cancel each other. 

Physicists have come up with such a symmetry, called supersymmetry (SUSY), although in its 
early stages its development was not driven by the need for a solution to the hierarchy problem. 
Regarding this, it is quite impressive that a theory introduced for some theoretical reasons was 
later proven to also provide a solution to the hierarchy problem. Since radiative corrections include 
contributions from both boson and fermion loops, it is obvious that this symmetry should relate 
bosons and fermions in some profound way. Thus, the underlying transformation should transform 
bosons into fermions and vice versa. The operator Q that generates these transformations will act 
on bosonic and fermionic states, turning them into fcrmionic and bosonic respectively, according 
to the scheme 

Q|Boson) = |Fermion), Q|Fermion) = |Boson). (2-1) 

It is apparent from Eq. (|2.ip that Q is a complex spinor operator that carries spin angular mo- 
mentum 1/2. Thus, its hermitian conjugate, Q\ is also of the same nature. It can be proven [T] 
that, for realistic theories with chiral fermions, the generators Q and Q' must satisfy an algebra 
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of commutation and anticommutation relations, called the SUSY algebra, of the form 



{Q a ,Q^=2a^, (2.2) 

{Q a ,Qp} = {Ql,Ql} = 0, (2.3) 

[P»,Q a ] = [P»,Ql}=0, (2.4) 

where is the generator of space-time translations, represents the Pauli sigma matrices and 
a, a, (3, $ are two component spinor indices (see e.g. The relations in Eqs. (|2.2[) - (|2.4[) can be 
used to show that each supermultiplet (i.e. each irreducible representation of the SUSY algebra) 
must contain an equal number of fermionic and bosonic degrees of freedom. From Eq. (|2.4|l it 
follows that the operator P M P M commutes with Q and Q\ which implies that particles in the same 
supermultiplet must have equal masses. The SUSY generators Q and also commute with the 
generators of gauge transformations. Therefore, particles in the same supermultiplet must also 
reside in the same representation of the gauge group. Since we do not know of any such particles 
having equal masses, SUSY must be broken. 

The solution to the hierarchy problem by supersymmetry is achieved by the cancellation of 
the quadratic divergencies, A^y, coming from the radiative corrections and this requires that the 
associated dimensionless couplings of fermion and boson superpartners, say schematically As and 
A/, are related, for example by a relation such as As = |A/| 2 (see e.g. [2]). In fact, unbroken 
SUSY guarantees that the quadratic divergencies in scalar squared masses vanish to all orders in 
perturbation theory. But what about broken SUSY? Broken SUSY should still provide a solution 
to the hierarchy problem, which means that the relations between dimensionless couplings must 
be maintained. This leads to a very important consequence about broken SUSY, i.e. SUSY must 
be "softly" broken. This means that the effective lagrangian can be written in the form 

£ = £susy + £ SO ft, (2.5) 

where £susy preserves supersymmetry and £ S oft violates supersymmetry but contains only mass 
terms and couplings with positive mass dimension (i.e. it does not contain Yukawa couplings). It 
turns out that there are plenty natural theoretical models for SUSY breaking with this property. 

If the largest mass scale in the lagrangian C so ft is denoted by m so f t , then the SUSY breaking 
corrections to the Higgs mass 2 , Am^, should vanish in the limit m so f t — > 0, so they can not be 
proportional to A^y. Furthermore, the corrections cannot go like Arrvfj ~ m so f t AuV) because the 
loop integrals always diverge either quadratically or logarithmically and never linearly with Auv- 
So, by dimensional analysis, they must be of the form 



Am 2 



H — '""soft 



^ ln(A uv /m so ft) + 



16tt 



(2.6) 



where the dots represent either terms that are independent of Auv or higher order terms. Eq. (|2.6| 
shows that the superpartner masses cannot be too big if we want to cure the hierarchy problem 
with broken SUSY and no fine tuning. This is the reason why we expect the consequences of 
supersymmetry to arise not very much higher than about 1 TeV. 

In the rest of this section we will briefly state a few things about the notation and the con- 
ventions used in this thesis. We will use two component Weyl spinor notation instead of four 
component Dirac spinors, as well because the description of SUSY in this context is much simpler, 
as because in SUSY models the minimal building blocks of matter are supermultiplets containing 
a single two component Weyl fermion. 

A four component Dirac fermion '5 jj with mass M is described by the lagrangian 

£ D irac = -J*D7"^*C ~ M* D * D , (2.7) 

where the space-time metric is rj^ u = diag(— 1, 1, 1, 1) and we use the following representation for 



8 



the gamma and sigma matrices 




















!) 





-i N 


i 


o , 



«n rr,, = j f ' ) ~' j . a x = -Oi = ^ ^ J J , (2.9) 

<72 = -a 2 =(J Q 'j, <7 3 = -S3= ( J _°! )• (2-10) 

In this bases, a four component Dirac spinor is written in terms of two component, complex, 
anticommuting Weyl spinors £ a and x^ a (a, d = 1, 2), as 

*d = ( ^ ) , *n = ( x a 4 ) . (2.11) 

Here the notation is somewhat misleading since the indices a and a do not appear on the left 
hand side. What this notation really means is that the undotted indices are used for the first 
two components of a Dirac spinor while the dotted are used for the last two ones. Note also 
that the location of an index (up or down) is important. The spinor indices are raised and 
lowered using the antisymmetric symbol e Q/3 , with components e 12 = — e 21 = — ei2 = £21 = 1 and 
e ii _ £ 22 _ _ £22 _ q rp^g S p mor £ represents a left handed Weyl spinor while x 1S a right 
handed one. The notation implies that the hermitian conjugate of a left handed Weyl spinor is a 
right handed Weyl spinor and vice versa, (ipaV — 

While £ and \ are anticommuting objects, the relation fx = x£ holds because of the abbrevi- 
ation used here, which is fx = £ a Xa = £, a t a fiX^ ■ Likewise, t^x^ = flx^ Q = (£x)*> the complex 
conjugate of fx- Similarly, ^(a^Xa = tf^X = ~X^^ = (x + ^0* = "(^X^T- With these 
conventions, the Dirac lagrangian in Eq. (|2.7|) can be written as 



£ Di rac = -i^^d^ - ix^d^x ~ M(tx + fV), (2.12) 

where we have dropped a total derivative piece, ?<9 m (x^ct''x), which does not affect the action. 

More generally any theory involving spin- 1/2 fermions can always be written in terms of a 
collection of left handed Weyl spinors ipi with the kinetic part of the lagrangian being 

£ki„ - -i^*»8 M 1>i. (2.13) 

For a Dirac fermion there is a different ipi for its left handed part and for the hermitian conjugate 
of its right handed part. According to these general rules, we give names to the left handed spinors 
of the SM particles as follows 

Q t = (u,d), (c,s), (t,6), (2.14) 
u.i = u, c, t, (2-15) 
di = d, s, b, (2.16) 
Li = (y e ,e), (v^fi), (v t ,t), (2.17) 
Si = e, ft, f, (2-18) 

where i is the family index and Qi and Li are doublets under the weak isospin symmetry SU(2)l 
of Gsm- The bars on the fields are part of their names and they do not indicate any kind of 
conjugation. In particular they are introduced to declare that the barred fields come from the 
conjugates of the right handed parts of the corresponding Dirac spinors. For example the Dirac 
spinor for the electron is written in terms of its two component left handed spinors as 

(2 - 19) 
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Note that the neutrinos are not part of a Dirac spinor in the SM. Of course, it is common in Grand 
Unified Theory (GUT) models to complete the picture with right handed parts for the neutrinos, 
which usually acquire large masses of the order of the GUT scale and explain the small left handed 
neutrino masses through the see-saw mechanism. Suppressing all color and weak isospin indices, 
the purely kinetic part of the SM fermion lagrangian is 

£™ = -iQ^v^Qi - iu^a^Ui - id^^d^di - iL^a^Li - i^a^d^. (2.20) 

2.2 Supersymmetric lagrangians 

Now, let us turn to the construction of supersymmetric lagrangians using the notation introduced 
in the previous section. The aim of the description here is to make the reader familiar with the no- 
tation and the style of this thesis and not to present a pedagogical introduction to supersymmetry. 
We begin by considering the simplest example of a supersymmetric theory in four dimensions. 

The simplest possibility is a supermultiplct containing a single Weyl fermion (with two degrees 
of freedom) and two real scalars (each with one degree of freedom). Furthermore, one can assemble 
the two real scalars into a complex scalar field. This set of a two component Weyl fermion and a 
complex scalar field is called a "chiral" or "scalar" supermultiplet. The next simplest possibility 
for a supermultiplet contains a spin-1 vector boson, which is massless before the gauge symmetry 
breaking, so it has two bosonic degrees of freedom. Its superpartner is therefore a spin- 1/2 
Weyl fermion with two fermionic degrees of freedom. This collection of fields is called a "gauge" 
or "vector" supermultiplet. Gauge bosons transform as the adjoint representation of the gauge 
group, so their fermionic partners, called "gauginos", must also transform according to the same 
representation. The adjoint representation of a gauge group is always its own conjugate, so these 
fermions have left and right handed components with the same transformation properties. This is 
in contrast with the fermions of the Standard Model which have left and right handed components 
belonging to different representations of the gauge group. Thus, in any supersymmetric extension 
of the SM all the known fermions must be included in chiral supermultiplets while all the known 
vector bosons will necessarily belong to gauge supermultiplets. 

The simplest SUSY theory consists of a free chiral supermultiplet, containing a left handed 
Weyl fermion ip and a complex scalar 0, with only kinetic terms, the simplified Wess-Zumino 
model [3] 

C = -d»(j)*d^(j> - i^a^d^. (2.21) 

It can be proven (see e.g. [2]) that the action, S — J d A x C, of this simple model is invariant 
under the SUSY transformations when the model is on-shell, i.e. when the equation of motion 
o^d^ — 0, following from the action, is employed. Still, we would like supersymmetry to hold 
even off-shell. This can be fixed by a trick. We invent a new complex scalar field F with no kinetic 
terms. Such a field is called auxiliary and it is not a real degree of freedom but only an object 
used to render the action invariant off-shell. The lagrangian density for F is just £ aux = F*F. 
The dimensions of F are mass 2 unlike ordinary scalar fields. The equation of motion for F in 
the non-interacting theory is trivial, F = 0, but it becomes non-trivial in the interacting case. In 
general, if we have a collection of chiral supermultiplets labelled by the index i, the free part of 
the lagrangian is written as 

4hTrai = -9^*3^ - i^^d^i + F^Fi. (2.22) 

The next thing is to do is to write down the lagrangian for a gauge supermultiplet. Consider a 
massless gauge boson A® and a corresponding set of Weyl fermion gauginos , where the index 
a runs over the adjoint representation of the gauge group. The on-shell degrees of freedom for A® 
and A° amount to two bosonic and two fermionic degrees of freedom for each a, as required by 
SUSY. However, the off-shell degrees of freedom do not much and we need to invent an auxiliary 
field, called D a , in order to make the lagrangian supersymmetric. This field will also transform 
as the adjoint representation of the gauge group. Like the auxiliary field F, it has dimensions of 
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mass 2 and thus no kinetic terms. Without any further justification we write down the lagrangian 
for a gauge supcrmultiplet, 

4au^ = -\F; v F^ va - iX^a^D^ + X -D a D\ (2.23) 

where 

F;„ = d^Al ~ duAl - 9 f ahc A^Al (2.24) 
is the usual Yang-Mills field strength and 

D„X a = d^X a - gf abc A^X c (2.25) 

is the covariant derivative for the gaugino field. It can be proven (see e.g. [5]) that this lagrangian 
is invariant under both gauge and SUSY transformations. Again, the equations of motion for the 
auxiliary fields are D a = 0, but this is no longer true in the interacting theory. 

Up to now we have only dealt with free theories, not of much practical importance. We now 
turn to the description of interacting theories in the context of SUSY. Starting with the case of 
chiral supermultiplets, we will argue that the most general set of renormalizable interactions for 
these fields can be written as 

4'htii = --W^j + W l F t + c.c, (2.26) 

where TU y and W % are some functions of the scalar fields with dimensions of mass and mass 2 
respectively. It follows from Eq. (|2.26[) that, if the lagrangian is renormalizable, by dimensional 
analysis IU U and W % can not contain fermion or auxiliary fields. Furthermore, W % will be a 
quadratic polynomial and IU U linear in the fields (pi and <fi l * . Also, the lagrangian can not contain 
terms that are functions of the scalar fields only, because it can be shown that these terms do not 
respect SUSY. So, Eq. (|2.26p is indeed the most general possibility. One can show, by requiring that 
the lagrangian is invariant under SUSY transformations, that cW y /d(j> k * = 0, i.e. the function 
W- 7 ' is analytic in the fields 4>k- In addition, from Eq. (|2.26p W l i can be taken to be symmetric 
under interchange of the indices so it can be written as 

W ij = M ij +y l3k 4> k , (2.27) 

where M 4 - 7 represents a symmetric fermion mass matrix and k the Yukawa couplings of a scalar 
with two fermions, totally symmetric under interchange of its indices. It is convenient to write 



W ij = 




(2.28) 



introducing the "superpotential" W, given by 

W = - 2 .\r j o,o, + i y« k MAk- (2.29) 

W is by no means a scalar potential in the ordinary sense, since it is not even real, but it is 
an analytic function of the complex variables <pi. Continuing to pursue the implications of the 
requirement that the lagrangian should respect SUSY and taking into account Eq. (|2.28[) . one can 
prove that the function W l should be 

SW 1 , 

W l = — = W'h + -y iJ (2.30) 
o<Pi 2 

Now it is clear why we have used for the two functions and W the same symbol. 

To summarize the results in the case of chiral supermultiplets, we have found that the most 
general interactions can be determined simply by a single analytic function of the complex scalar 
fields, the superpotential W. The auxiliary field Fi can be eliminated from the final form of the 
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lagrangian using the classical equations of motion. From the lagrangian £<; hiral + £chiral> one nn( is 
Fi = —W* and F l * — —W 1 and thus, the lagrangian for the chiral supermultiplets takes the form 

^chiral = -d^d^i - i^a^i - \ (W**^ + h.c.) - W l W*. (2.31) 

It is clear from that equation that the scalar potential of the theory is completely determined by 
the superpotential and it reads 

v(4>, <p) = w l w* = M^MtiM 1 * + \M Si vt im ,M l *<P n * 

+~Af?, k 4> u 4>Ak + \v° kl y* lm Mk4> l *4> m * (2.32) 

Of course, this is only the case when SUSY is unbroken. In broken SUSY there are also other 
terms in the scalar potential, which are responsible for SUSY breaking and which are not so strictly 
determined. The only requirement for these terms is that they should generate soft SUSY breaking, 
a restriction discussed earlier in Sec. 12.11 The supersymmetric scalar potential is automatically 
bounded from below. In fact, since it is a sum of squares of absolute values, it is always non- 
negative. 

Finally let us consider supersymmetric gauge interactions. Suppose that the chiral supermul- 
tiplets transform under the gauge group in a representation (T a )/ satisfying [T a ,T b ] = if abc T c , 
where f abc are the structure constants. Following well known techniques, to get a gauge invariant 
lagrangian we need to turn the ordinary derivatives into covariant derivatives, as 

d^i -> + igA a tl {T a ^) i , d^i -> + igA^T^. (2.33) 

Yet, this is not the end of the story since we have to consider whether there are any other 
interactions allowed by gauge invariance involving the gaugino and D a fields. Indeed, there are 
three such renormalizablc terms, which read 

((f)*T a ip)\ a , \ a \^T a <t>) and (0* T a 0) D a . (2.34) 

One can add these terms with arbitrary dimensionless coupling constants and demand that the 
whole lagrangian be real and invariant under SUSY transformations, up to a total divergence. 
This fixes the coefficients of these extra terms and the total lagrangian becomes 

C = £ chira] + 4^«) - V2g [(0*T»A Q + \ a \^T a £)] + 5 (0*T»^ Q , (2.35) 

where £ c hirai is the lagrangian given in Eq. (|2.31|) but with ordinary derivatives replaced by gauge 
covariant derivatives and £gaugc is the lagrangian given in Eq. (|2.23[) . From this lagrangian one 
can find the equations of motion for the D a fields, which are 

D a = -g(<p*T a <p). (2.36) 

Replacing D a in Eq. (|2.35|) . one finds that the complete scalar potential is given by 

V{4>,4>*) = F"Fi + X -D a D a = W l W* + \Y.9 2 a {4>*T a 4>) 2 . (2.37) 

a 

The two types of terms in this expression are called "F-terms" and "D-terms" respectively. The 
index a in the gauge coupling constant g a is introduced to include the case that the gauge group 
has several distinct factors with different gauge couplings, as is the case with Gsm- Note that 
the final scalar potential is always non-negative in a supersymmetric theory, since it is a sum 
of absolute squares. A very interesting and unique feature of unbroken SUSY is that the scalar 
potential is completely determined by the superpotential and the gauge interactions in the theory. 
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Table 2.1: The MSSM particle content 



Names 


SM particles 


superpartners 


Gsm 


quarks, squarks 


Q 


(ll>v ll>ii ) 

\ T d T ti / 


(u d) 


(3,2,1) 


(x3 families) 


u 




u 


(3,1,-|) 




d 




d 


(3,1,|) 


leptons, sleptons 


L 


(ib , j ibv) 


(v e) 


(1,2,-i) 


(x3 families) 


e 




e 


(1,1,1) 


Higgs, higgsinos 


H u 






(1,2, +|) 




H d 




(H° d HJ) 


(1,2,-i) 


gluon, gluino 


9 


9 


\ 


(8,1,0) 


W bosons, winos 


W 


W ± ,W° 




(1,3,0) 


B boson, bino 


B 


B° 




(1,1,0) 



2.3 The MSSM superpotential 

Given the supermultiplet content of the theory, the form of the superpotential is restricted by gauge 
invariance. In any given theory, only a subset of the couplings M lJ and k in Eq. (|2.29p is allowed 
to be non-zero. In this section we will roughly describe the simplest possible supersymmetric 
extension of the SM, called Minimal Supersymmetric Standard Model (MSSM). 

The field content of the theory is the one given in Eqs. (|2.14p - (|2.18p . supplemented with 
their corresponding scalar superpartners and the usual gauge bosons of the SM along with their 
gaugino superpartners. In addition, one has to include a Higgs field, responsible for the breaking 
of the electroweak symmetry, accompanied by its fermionic superpartner, called the "higgsino". 
In general, the nomenclature for a fermionic superpartner of a SM bosonic field is to append the 
ending "-ino" to its name. On the other hand, the names for the scalar superpartners of the SM 
fcrmions are constructed by prepending an "s-" to their names. For example, the superpartners 
of the quarks and leptons are generically called squarks and sleptons. In this thesis we will denote 
the scalar component of a chiral supermultiplet with the same symbol as the one used for the 
supermultiplet itself. The fermionic component of the supermultiplet, which is a two component 
Weyl spinor, will be denoted by ip Xl where x is the symbol used for the supermultiplet (and its 
scalar component). For example, the electron, which is the superpartner of the selectron e, is 
denoted by ip e . For a gauge supermultiplet, the gaugino corresponding to a gauge boson A a ^ will 
be denoted by A a , with T a being the generator to which the gauge boson corresponds. In some 
circumstances, as e.g. in Table [2~T1 the gaugino will be simply denoted by Ax, if X is the symbol 
used for the gauge boson. 

Before writing down the full particle content of the MSSM, let us first say a few words about 
the Higgs boson. In the SM there was a need for only one such field with a scalar potential, 
responsible for giving mass to all the massive particles of the theory. Because of the structure 
of the superpotential, which is an analytic function of the scalar fields, in the MSSM one needs 
at least two scalar fields, with different transformation properties under U(l)y of Gsm, to give 
masses to the up and down type quarks. In particular, as one can see from Table |2~T| one needs 
an SU(2)l doublet with Y = 1/2, denoted by H u , to give mass to up type quarks and one with 
Y = —1/2, denoted by Hd, to give mass to down type quarks. This minimal choice for the Higgs 
bosons completes the particle spectrum of the MSSM, which is given collectively in Table I!Q1 along 
with the transformation properties of the supermultiplets under Gsm- 

Now that we have the full particle content of the theory, we are ready to write down the correct 
superpotential. Except for SUSY and gauge invariance, we will postulate that the superpotential 



13 



respects an extra discrete symmetry, known as "i?-parity" or "matter parity" . Define the operator 

Pm = (-1) 3(B - L) , (2.38) 

where B and L are the baryon and lepton number operators respectively. i?-parity conservation 
consists of the principle that a term in the superpotential is allowed only if the product of Pm for 
all of the fields in it is +1. This symmetry prevents terms in the superpotential, like LLe, that 
respect gauge invariance but violate baryon and lepton number and lead to fast proton decay, a 
process strictly constrained by experiment. The superpotential for the MSSM, containing all the 
possible renormalizable terms that respect gauge invariance and i?-parity, is 

Wmssm = u y u QH u - dy d QH d - ey e LH d + ^H u H d , (2.39) 

where all the gauge and family indices are suppressed and the dimensionless parameters y u , y d and 
y e are 3x3 matrices in family space. The "/i-term" , as it is traditionally called, is the supersym- 
metric version of the Higgs boson mass and it can be written out analytically as ii(H u ) a (H d )pe al3 . 
The minus signs in Eq. (|2.39|) are chosen by convention so that when the matrices y u , y d and y e 
are diagonal, the terms that will give masses to the quarks and leptons after electroweak symmetry 
breaking appear in the superpotential with positive sign. For example, if we use the approximation 
y u = diag(0, 0, y t ), y d = diag(0, 0, y b ), y e = diag(0, 0, y T ), the superpotential reads 

IUmssm = ytitH° + y b bbH Q d + y T frH° - y t ibH+ - y b btH^ - y r fv r E^ 

+li(H+HJ -H°H° d ), (2.40) 

From the //-term of the superpotential, one can derive the mass terms of the Higgs scalar 
potential, 

Vm gg s D |M| 2 (I^T + \H»\ 2 + + \H d \ 2 ) • (2.41) 

Since Eq. (|2.4ip is positive definite, it is clear that we cannot understand electroweak symmetry 
breaking without including supersymmetry breaking soft terms, which can give negative mass 2 
terms. Thus, electroweak breaking is closely related with SUSY breaking. This leads to the 
infamous "/i-problem" . As we have already pointed out in the introduction, we expect that \x 
should be roughly of order 10 2 - 10 3 GeV, in order to allow a Higgs VEV of order 170 GeV without 
too much fine tuning between |/Lt| 2 and the negative mass 2 terms coming from soft SUSY breaking 
terms. The problem is that, although, in contrast with the SM, fj, will now be stable under radiative 
corrections if SUSY is softly broken, we do not have an explanation of why it should be so small 
in the first place compared to e.g. the Planck mass Mp. In particular, the fact that it is roughly of 
the order m so f t (see Sec. I2.1j) suggests that the /z-term is probably not an independent parameter 
of the theory but is intimately connected with SUSY breaking. Several different solutions to this 
problem have been proposed. They all assume the parameter \i to be absent at tree level, usually 
by invoking some additional symmetry of the superpotential, as for example a Z2 symmetry. The 
/^-term is assumed to be dynamically generated at some stage of the history of the early universe 
by the VEV of some field. In this way, the value of the effective parameter /i need no longer be 
conceptually distinct from the mechanism of SUSY breaking. However, from the point of view of 
the MSSM, one can treat /i as an independent parameter. 

2.4 Supergravity 

Most symmetries in particle physics are realized as local symmetries, i.e. the parameters of a 
transformation are functions of the space-time point x^. In particular, because the SUSY algebra 
contains the generator of translations we should consider translations that vary from point to 
point in space-time. Thus, we expect local SUSY to be a theory of general coordinate transfor- 
mations of space-time, i.e. a theory of gravity. Therefore, the theory of local SUSY is referred to 
as supergravity (SUGRA) (for an introduction see e.g. [1]). In SUGRA, the spin-2 graviton has a 
spin-3/2 fermion superpartner, called the "gravitino". As long as SUSY is unbroken, the graviton 
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and the gravitino are both massless. Once SUSY is spontaneously broken, the gravitino acquires 
a mass, which is traditionally denoted by TO3/2. 

SUGRA is a non-renormalizable theory and so it can only be thought of as a low energy 
approximation of some more complete theory, e.g. some string theory. For most practical purposes, 
the non-renormalizable terms can be neglected from the lagrangian, because they are suppressed 
by powers of E/mp, with rap being the reduced Planck mass and E represents the energy scales 
accessible to experiment. However, there are several reasons why one might be interested in non- 
renormalizable contributions to the lagrangian. For example, some very rare processes, like proton 
decay, can only be described by an effective lagrangian with non-renormalizable terms, since we 
know that the proton does not decay through renormalizable interactions. But, most importantly, 
the study of the early universe and cosmology are fields that SUGRA is expected to have significant 
consequences, as they refer to an era of high energy processes. Thus, in this section we will very 
roughly sketch some aspects of SUGRA and in particular its effect on the scalar potential. 

Let us consider a supersymmetric theory containing some chiral and gauge supermultiplets. If 
one attempts to make SUSY local, it turns out that the part of the lagrangian containing terms up 
to two space-time derivatives is completely determined by specifying three independent functions 
of the scalar fields treated as complex variables. These are the superpotential W(4>i), the "Kahler 
potential" K , (\> % * ) and the "gauge kinetic function" f a p(4>i). W has dimensions mass 3 , K has 
dimensions mass 2 and f a p is dimensionless. Unlike the superpotential, K is real and analytic in 
the scalar fields. The Kahler potential does not appear in the renormalizable lagrangian for global 
SUSY because at tree level there is only one possibility for it, namely K = 4>"4>i. On the other 
hand, the gauge kinetic function is, like the superpotential, an analytic function of the scalar fields. 
The indices a and (3 run over the adjoint representation of the gauge group and f a /3 is symmetric 
under interchange of its two indices. In global SUSY, f a p is independent of the fields and it equals 
the identity matrix divided by the square of the gauge coupling constant, f a p = S a p/g 2 . 

The whole lagrangian with up to two derivatives can now be written down in terms of these 
functions. To proceed, let us define one extra function, the "Kahler function" 

G = K/nip + hx{W/m%) + ln(W*/m P ). (2.42) 

From G one can construct its derivatives with respect to the scalar fields and their complex 
conjugates, using the convention that a raised (lowered) index i corresponds to derivation with 
respect to fa {(/>"), e.g. G l = dG/dfa, G % = dG/d(/>" and G\ = dG / dft* dfa . Note that G{, 
called the "Kahler metric", depends only on K, since G\ = Kj/mp. The inverse of this matrix 
is denoted by (G -1 )^, so that (G^ 1 )^^ = Sf. Similarly, the inverse of the matrix K\ is denoted 
by {K~ 1 y i . In terms of these objects, the generalization of the F-term contribution to the scalar 
potential in SUGRA is given by (see e.g. [2]) 



SUGRA 



(G )i G l G 3 - 3 . (2.43) 



Written in terms of the superpotential and the Kahler potential, this equation takes the form 



V F - P K l r - 

K SUGRA — e 



(K- v )\ F"Fj ~ i\W\ 2 /mp , (2.44) 



with 

F** = -{W l + WK l jm\) and F j = -(W* + W*K 3 /ml). (2.45) 

Now, if one assumes a "minimal" Kahler potential K — <fi l *4>i, then K\ = {K~ x )\ = b\ and 
Eqs. (|2.44p - (|2.45p . expanded to lowest order in l/mp, become VguGRA = F l * Fii F l * = —W l and 
F{ = — Wi, i.e. they take on their form in the global SUSY case. The D-term contribution to the 
scalar potential is given by 

V s D VG pA = l^fJ D a D^ with b<* = -K i {T<*) i j 4> j , (2.46) 
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where Re f a g is the inverse of the real part of the gauge kinetic function, viewed as a matrix. In 
the case of minimal Kahler potential and f a p = Sap/g 2 , this just reproduces the result for the 
global SUSY case, i.e. V^ GRA = 1/2 D a D a . There are also many contributions to the lagrangian 
other than the scalar potential, which depend on the three functions W , K and f a p, which we 
will not deal with here. The only thing that we will mention, in order to have a complete picture 
of the dynamics of a scalar field during inflation, is the form of the kinetic terms, which become 

4^KA = -^d^*d^. (2.47) 

It should be noted that, unlike the case of global SUSY, the scalar potential in SUGRA is not 
necessarily non-negative, because of the —3 term in Eq. (I2.43[) . 
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Chapter 3 

Hybrid inflation and extensions 



3.1 Introduction 

The next thing one needs to consider in order to proceed to the study of the early universe 
is, of course, cosmology. Early cosmology, soon after Einstein published his General Theory of 
Relativity, was haunted by the idea of a static universe, without any expansion or contraction. In 
contrast to this idea, Einstein's equations kept predicting an expanding universe, which led him to 
introduce the famous cosmological constant in order to make them compatible with contemporary 
belief. But, when in 1929 Edwin Hubble formulated his law of expansion of the universe, after 
nearly a decade of observations, the picture changed radically, causing Einstein to make the 
legendary statement that the work on the cosmological constant was his greatest blunder. Hubble 
expansion, along with the later discovery of the cosmic microwave background radiation (CMBR) 
in 1964, established the hot big band (HBB) model as the standard cosmological model for the years 
to come. Today, the HBB model has been replaced by the theory of inflation which, although 
it constitutes a change of paradigm in cosmology, has kept many of the salient features of its 
predecessor. 

Central and firm feature in all theories of modern cosmology has been the cosmological or 
Copernican principle, postulating that the universe is pretty much the same everywhere. The 
strongest evidence for this principle, that holds only on the largest scales of observation of the 
universe, is the observed isotropy of the CMBR. Mathematically, this principle is expressed by the 
notions of homogeneity and isotropy. Homogeneity is the statement that the metric is the same 
throughout the space. Isotropy applies at some specific point in space and states that space looks 
the same along all directions of observation through this point. Note that, if space is isotropic 
around one point and also homogeneous, then it will be isotropic around every point. Applying 
these notions to the metric one ends up with only one possible form for it, the Robertson- Walker 
metric (see e.g. [5]) 



ds 2 = -dt 2 + a 2 {t) 



dr 2 



1 — kr 2 



+ r 2 (d6 2 + sin 2 8 d(f> 2 ) 



(3.1) 



where r, (f> and 9 are "comoving" coordinates, which remain fixed for objects that have no other 
motion other than the general expansion of the universe. The parameter k is the "scalar curvature" 
of the 3-space and k = 0, > or < corresponds to flat, closed or open universe. The dimensionless 
parameter a(t) is called the "scale factor" of the universe and describes the cosmological expansion. 
Up to now, we have not made use of Einstein's equations, 

Gfiu = 87rGT M „, (3.2) 

where G^ — i? M „ — l/2Rg^ tl , is the Einstein tensor, and R are the Ricci tensor and scalar, 
T M „ is the energy-momentum tensor and G = Alp 2 is Newton's constant. For a homogeneous 
and isotropic universe, the energy-momentum tensor takes the diagonal form T^ v = T^g"" = 
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diag(— p,p,p,p), where p is the energy density of the universe and p the pressure. With this form 
for the energy- momentum tensor, Einstein's equations give 

a -=-^( P + 3p), (3.3) 
a 3 

d\ 2 8irG k 
a J 3 a A 

where a dot represents a derivative with respect to the cosmic time t. Together, these two equations 
are known as the Friedmann equations and metrics of the form of Eq. (|3.1|) which obey these 
equations define Friedmann-Robertson- Walker (FRW) universes. From the Friedmann equations, 
or directly from conservation of energy and momentum T„". v — 0, one obtains the continuity 
equation 

p = -3H(t)(p + p), (3.5) 

where the Hubble parameter H(t) = a/a characterizes the rate of expansion of the universe. 
The value of the Hubble parameter at the present epoch is the Hubble constant, H$. Another 
useful quantity is the density parameter, SI = p/p c = 8ttGp/3H 2 , where the critical density, 
p c = 3H 2 /8irG, is the energy density corresponding to a flat universe. Thus, = 1, > 1 or < 1 
corresponds to flat, closed or open universe. 

It is possible to solve the Friedmann equations in a number of simple cases. To do that, one 
needs an extra condition, known as the equation of state, which is a relation between p and p that 
depends on the form of the energy that the universe contains. Most of the perfect fluids relevant 
to cosmology obey the simple equation of state p + p = 7/9, where 7 is a constant independent of 
time. With this assumption, Eq. (13. 5|) becomes p cx a~ 37 and substituting in Eq. (13. 4|) . in the case 
of a flat universe (k = 0), we obtain 

a(t) =a Q (t/t ) 2 / 3 \ (3.6) 

where ao is the scale factor at a cosmic time t = t$. It is common to take to to represent the present 
time and define ao = 1 . For a universe dominated by pressureless matter we have p — and thus 
7 = 1. In the case of a radiation dominated universe, p = p/3 and 7 = 4/3. So, for a matter 
dominated universe we get the expansion law a(t) = (t/to) 2 ^ 3 , while for a radiation dominated 
universe we get a(t) = {t/t^) 1 / 2 . Both of these solutions (and many others) predict that at time 
t — > 0, a{t) — > and the energy density of the universe becomes infinite. This particular time 
instance t = 0, had been considered by many physicists, although outside the validity of any real 
knowledge regarding that instance, to represent the creation of everything, including space-time 
itself, a process called the Big Bang. These solutions, along with their observational confirmation 
by Hubble, signify the beginning of the HBB era. 

The HBB cosmological model achieved many great successes in the explanation of observa- 
tions, such as the Hubble expansion, the existence of the CMBR and the abundances of light 
elements, which were formed during primordial nucleosynthesis. But it also came up against a 
number of shortcomings, such as the horizon and flatness problems and the magnetic monopole 
problem, when it is combined with GUTs that predict their existence. The horizon problem is 
the difficulty in explaining the isotropy of the CMBR, since it seems to come from regions of the 
sky that have never communicated causally in the past. The flatness problem consists of the fact 
that the energy density of the observable universe is at present very close to its critical energy 
density, so that, at the beginning of its evolution, SI should have been inexplicably close to 1. 
Also, combined with GUTs that predict the existence of heavy magnetic monopoles, the HBB 
model leads to a cosmological catastrophe due to the overproduction of these monopoles. Finally, 
even if one takes the isotropy of the CMBR for granted, there is no explanation of the observed 
temperature fluctuations in it, or of the origin of the small density perturbations required for 
structure formation. 

Inflation came as a solution to these problems [6]. The main idea underlying all versions of 
the inflationary universe scenario is that, in the very early stages of its evolution, the universe fell 
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in a metastable, vacuum-like state with high energy density (for an introduction see e.g. 0E]). 
In such a state p = const, and Eq. (|3.5|) gives p = —p. Then, from Eq. (|3.4j) with k = 0, which 
corresponds to a flat universe as observations suggest, one gets 



a(t)^e m , H=^l^-p, (3.7) 

i.e. the universe experiences an exponential expansion. Inflation ends when the universe leaves 
this metastable state, either by tunnelling out of it, or by slow rolling towards a critical point, 
depending on the model. It is assumed that after inflation, during which the universe has cooled 
down, reheating occurs and the universe continues its evolution according to the HBB model. 

To briefly describe the salient properties of inflation, consider a real scalar field <f> whose 
evolution is driven by the lagrangian density 

£=±d^d^-V(0), (3.8) 

where V(<f>) is the potential energy density, which we assume to be quite flat near some point 
cf> = cj)Q. The energy-momentum tensor is found to be 

v = -d^ d u <p + V Q d x <pd x <t> - V . (3.9) 

Now, if we assume that there is a large region in space where the field <j) is essentially homogeneous 
with a value near <p = fig, which changes very slowly with time due to the flatness of the potential, 
then the energy-momentum tensor takes the form T" ~ — VqS" , where Vq = V{cpo). This means 
that p ~ — p ~ Vq and the conditions for an exponential expansion of the scale factor are fulfilled. 
The equation of motion of the homogeneous field <f>, derived from the lagrangian, reads 

4> + 3Hj> + V (<j>) = 0, (3.10) 

where a dot represents the derivative d/dt, while a prime represents d/dep. Inflation is by definition 
the situation where the "kinetic" term <j> is subdominant to the "friction" term 3Hcb and Eq. (|3.10p 
reduces to the inflationary equation 

3H4> = -V'(<f>). (3.11) 

The conditions for the validity of the inflationary equation can be summarized in the form of 
restrictions imposed to the two slow roll parameters, rj and e, as (see e.g. [8]) 



M = m p 



v"(<p) ' ""■ ' 2 



v(4>) 



The end of the slow roll occurs when either of these inequalities is saturated. The exponential 
expansion of the universe during inflation can be measured by the number of the "e-foldings" , 
defined as the logarithmic growth of the scale factor between an initial time ti and a final time tf, 

N = ln a ^=f I Hdt=\f i ^d4. (3.13) 

The great success of the inflationary cosmological model is that for N > 55 all three problems 
of the HBB model mentioned above can be simultaneously solved (see e.g. [5]). Furthermore, 
inflation can explain the origin of the density perturbations required for structure formation in the 
universe. To understand this, one should note that an exponentially expanding space, called "de 
Sitter" space, can be considered as a black hole turned inside out, i.e. a black hole that surrounds 
the space from all sides. Then, exactly as in a black hole, there are quantum fluctuations governed 
by the equivalent Hawking temperature Th = H/2%. Skipping all the details, the power spectrum 
of the primordial curvature perturbation at a scale kg can be approximated by (see e.g. [5]) 

pV 2 ^T ( fA (3.14) 
2ttV3 mlV'{4> Q y V ' 



19 



where cf>Q is the value of the inflaton field when the scale fco crossed outside the inflationary horizon. 

1/2 

This curvature perturbation is not the same for all length scales. The running of P K with respect 
to k is governed by a power law, with k raised to an exponent called the "spectral index" n s . In 
addition, the perturbations may also have a significant "tensor" component, measured by the 
"tensor to scalar ratio" r. The spectral index, the tensor to scalar ratio and the running of the 
spectral index dn s /dlrik, in the slow roll approximation, are given by (see e.g. [9]) 

n s ~l + 2r?-6e, r ~ We, ~ 16eTj - 24e 2 - 2£ 2 , (3.15) 



d\nk 



where 



m%^ 7T - (3.16) 



v 2 

is the third slow roll parameter. By measuring various properties of the CMBR one can extract 

l li 

experimental values for P K , n s , dn s /d\nk and r and compare the corresponding theoretical 
values with them. In order for a specific model to be realistic, it should predict values for the 
above parameters that lie within the experimental limits of the observed values. 

Inflation is the most successful cosmological model so far and it is certainly the most promising, 
not only because of its success in explaining the shortcomings of the HBB model, but also because 
it has provided us with an unprecedented way to link cosmology and particle physics and with the 
ability to confront particle physics theories with cosmological observations. Yet, we are still very 
far from deciding which is the right model that describes best the realization of inflation in the 
universe. Many models have been proposed, each with different appealing characteristics. Among 
them, hybrid inflation is one of the most prevalent, often making its appearance spontaneously 
in particle physics models. In the sections that follow, we will briefly describe the original model 
and some of its most successful extensions within the context of SUSY. 



3.2 The standard non-supersymmetric version 

Standard hybrid inflation was initially proposed by Linde [10] in an attempt to construct new 
inflationary models by making the hybrids of some known ones, such as "chaotic" and "new" 
inflation. Hybrid inflation helped to solve some of the problems of the old models and turned out 
to be a very fruitful arena for inflationary model building. The idea is to use two real scalar fields 
X and a, of which x provides the vacuum energy density that drives inflation and a is the slowly 
varying inflaton field. Inflation ends by a rapid rolling of the field X: called "waterfall" , triggered 
by the slow rolling of the field a, when the latter reaches a critical value a c . 

The scalar potential of the original model is of the form (for a review see e.g. [5]) 

V( X , a) = . 2 (V - 2 + £*V + ^ a\ (3.17) 

where k, A are dimensionless parameters and M, m are mass parameters. This potential has 
two degenerate global minima at (<r) = 0, (x) = ±2M. In the limit m — + 0, V possesses a flat 
direction at x — with V(0, a) = k 2 M 4 . The mass squared of the field x along this direction 
is to 2 = — k 2 M 2 + A 2 cr 2 /2 and it follows that the critical value of a at which the flat direction 
becomes unstable and the waterfall occurs is a c = V2kM/A. For | (7 1 > a c and m = we obtain 
a flat valley of minima, while setting m =/= this valley acquires a non zero slope that can drive 
the inflaton field a toward its critical value. On this flat valley, with potential energy density 
V — k 2 M 4 , the system can inflate while a is slowly rolling towards the critical point. 

The e and rj criteria imply that the mass parameter m should be m/M < nM/mp, where 
2.43 • 10 18 GeV is the reduced Planck mass, for the slow roll to occur on the inflationary 
path. If this is satisfied, inflation continues until a reaches a c , where it terminates by a waterfall, 
i.e. a sudden entrance into an oscillatory phase about a global minimum. Since the system can 
fall into either of the two minima with equal probability, topological defects (monopoles, cosmic 
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strings or domain walls) are copiously produced if they are predicted by the particular particle 
physics model employed. So, if the underlying GUT gauge symmetry breaking (by the field x) 
leads to the existence of monopoles or domain walls, we encounter a cosmological catastrophe, 
while if it leads to the existence of cosmic strings, then their contribution to the CMBR power 
spectrum should comply with observational bounds [50] . The curvature perturbation can be easily 
estimated in this model, using Eq. (|3.14p . to be 

P^^-L^L e -\n\N Q: (3 . 18) 

where \r/\ ~ m 2 mp/ k 2 M 4 < 1 is the r\ parameter during inflation and Nq is the number of e- 
foldings from the time when the pivot scale fco crossed outside the inflationary horizon until the 
end of inflation. For example, if we set M equal to the SUSY GUT scale Mqut - 2.86 • 10 16 GeV, 
Nq = 55 and \t)\ = 0.1, the three-year WMAP [TT] result P^ 2 ~ 4.85 • 10" 5 can be reproduced 
with A ~ 0.78. From the constraint \rj\ = 0.1 and assuming k = A, we obtain m = 8.28 • 10 13 GeV. 



3.3 The supersymmetric version 

Hybrid inflation appears "naturally" in supersymmetric theories. To see this, consider the simple 
model given by the superpotential 

W = kS(-M 2 + 00), (3.19) 

where S is a gauge singlet and 0, are two fields belonging to non-trivial conjugate representations 
of the GUT gauge group G and whose VEVs break this group down to a group G' containing 
Gsm- The parameters k and M can be made real and positive by field redefinitions. The scalar 
potential derived from this superpotential reads 

V(S, <j>, 0) = k 2 \M 2 - 00| 2 + k 2 \S\ 2 (\c/)\ 2 + |0| 2 ) + D - terms, (3.20) 

where now the symbols and are used for the SM singlet components of the corresponding 
multiplets. The D-terms vanish for |0| = |0|, which can be expressed as 0* = e li} (j>. The SUSY 
vacua lie at the direction d = 0, with S = 0, \<p\ = M and = 0*. The superpotential possesses 
a U(1) R R-symmetry, under which 00 -> 00, S -> e la S, W e ia W. Actually, W in Eq. ||5T^| 
is the most general renormalizable superpotential allowed by G and U(1)r. If we stick to the 
direction $ = containing the SUSY vacua and bring S, and to the real axis by G and U(1)r 
transformations, we can write = = \j1 and S = a/y/2, where x an d cr are real scalars with 
normalized kinetic terms, and the scalar potential takes the form 

^=« 2 (m 2 4) 2 +i xV - (3 ' 21) 

Comparing this with Eq. (|3.17p , we see that the scalar potential obtained from this simple super- 
symmetric model is the same as Linde's potential if we set k — A and take m = 0. 

Instead of the mass term, the slope along the inflationary path, which corresponds to = = 
and \S\ > S c = M, is generated in this model by the radiative corrections to the potential. SUSY 
breaking by the potential energy density k 2 M a along this valley causes a mass splitting in the 
supermultiplets 0, 0. The scalar mass terms in the lagrangian, calculated from the potential in 
Eq. (pOUj) . are 

V D k 2 |5| 2 (|0| 2 + |0| 2 ) - k 2 M 2 (00 + c.c.). (3.22) 
Transforming to the fields ± = (0 ± 0*)/v2, one obtains the mass squared matrix 

„ / \S\ 2 - M 2 \ . . 

Ml=K 2 [ , „ , . 3.23 

± I S 2 + M 2 / v ' 
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So, we have obtained two complex scalars with masses squared /c 2 (|S'| 2 ± Af 2 ). In the fermionic 
sector, one can use Eq. (|2.31|) to calculate the masses directly from the superpotential in Eq. ()3.19|) . 
We obtain two Weyl fermions, both with mass squared | -S"! 2 . This mass splitting leads to the 
existence of one-loop radiative corrections to the potential on the inflationary valley, which can 
be calculated from the Coleman- Weinberg formula [T2] 

1 M 2 
AV =^I2(- 1 ) FiM ? l *it, (3-24) 

i 

where the sum extends over all helicity states i, Fi and M 2 are the fermion number and mass 
squared of the ith state and A is a rcnormalization mass scale. The calculation gives 

AV = k 2 Af 4 ^ ^2 In ^ff- + (z + l) 2 ln(l + z' 1 ) + (z - l) 2 ln(l - z^ , (3.25) 

where z = \S\ 2 /M 2 and N is the dimensionality of the representations to which cj> and <j) belong. 
It is crucial to note that the slope generated from this radiative correction is A- independent. 
The e and r] parameters are calculated from Eq. (|3.25p to be 

k 2 N\ 2 m 2 

AM 2 ) AP Z t {z + 1] ln(1 + + {Z 1] ln(1 " ' (3 - 26) 

Ki ^JV" 777, 

V ~ AM 2 M 2 [ (3Z + 1} ln(1 + + (3Z " 1} ln(1 " Z ^ • (3 ' 27) 

Note that r\ — > —oo as z — > 1. However, for most relevant values of the parameters, the slow 
roll conditions are violated only very close to the critical point at z = 1 and we can assume that 
for all practical purposes inflation ends at IS"! = S c . The curvature perturbation power spectrum 
amplitude is given in this model by 



8tt Af 3 Af 



PtJ ^ -f T — n 0or\ (3-28) 

n V3kN m% u Q V Ql y ' 

n(z) = {z + l) ln(l + z- 1 ) + (z-l) ln(l - z" 1 ), (3.29) 

where zq — (Tq/2M 2 and <jq is the value of a when the present horizon scale crossed outside the 
inflationary horizon. The above equations are rather complicated but they can be simplified by a 
trick. The number of e-foldings of the present horizon scale during inflation is 



1 / - 1U7T 1V1 „. 9 , 9 , i , 07T 1V1 / ' UZ„, . i 

N Q ~^ —— n (a 2 2M 2 )~ 1 da = — - — ^ / — Tl(z)- 1 . 3.30 



1 [ aQ 16tt 2 Af 2 „, , , , 8tt 2 A/ 2 7 zq 

Multiplying Eq. (|3T2"g)) with (Nq/Nq) 1 / 2 and setting x Q = Zq /2 , we obtain 



Now, for xq — > oo we have that ?/q — > and o;qj/qII(zq) — > 1, so, assuming that xq is large 
enough, Eq. (|3.31[) becomes 

PU^J^K- (3-32) 

V 3A^ 771p v ; 

If we take Nq = 55 and A" = 8 for an order of magnitude estimate, the WMAP3 [TT] result, 
P^ 2 ~ 4.85 • 10 -5 , can be reproduced with Af ~ 9.8 • 10 15 GeV, a value that is somewhat lower 
than the SUSY GUT scale Af GUT = 2.86 • 10 16 GeV, but quite close to it. Detailed investigation 
(see e.g. [T3]) shows that the spectral index lies in the range n s ~ 0.98 — 0.985, values that are 
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outside the 1-cr range of the WMAP3 [EE] result, n s = 0.958 ± 0.016, although within the 2-a 
range. 

Since we are dealing with a supersymmetric theory it would be wise to consider making SUSY 
local. It is known [T4j that SUGRA corrections to the scalar potential in general tend to spoil 
slow roll inflation, due to the infamous 77-problem. To see this, take the general form of the scalar 
potential in SUGRA, given in Sec. 12. 4[ which we repeat here for convenience. If we assume that 
the D-term is flat along the inflationary trajectory, only the F-term scalar potential is relevant, 



'SUGRA — e 



{R-^l F"F 3 - 3\W\ z /mp . (3.33) 



Now, if the Kahler potential is expanded as K = \S\ 2 + \<f>\ 2 + \(j)\ 2 + k s \S\ 4 /Aml H , then the 

term IS"! 2 in the exponential of Eq. (13.33|) . could generate a mass term on the inflationary path 
for the field S of the form (k 2 M 4 /m,p)\S\ 2 ~ H 2 \S\ 2 . This leads directly to an extra term in the 
r\ parameter of the order 1 and the slow roll is ruined. However, interestingly enough, this does 
not happen in the specific model under consideration and in many other supersymmetric hybrid 
inflation models. The reason for this is that this mass term is cancelled in the potential. The 
linearity of W in S, guaranteed to all orders by U(1)r, is crucial for this cancellation. The l^l 4 term 
in K also generates a mass term for S through the factor (d 2 K / dSdS*)^ 1 = l — ks \S\ 2 /mp + • ■ • , 
which is not cancelled. In order to avoid ruining inflation, one has then to assume that \ks\ is small 
enough (< 10~ 2 ). Actually, it has been shown [15] that the existence of a large enough positive 
ks can help reducing the spectral index, which in the case of a minimal Kahler potential turns out 
to exceed its value in the global SUSY case, to make it lie within the observational bounds. All 
higher order terms in K give suppressed contributions on the inflationary path, since |S| <C mp. 



3.4 Smooth hybrid inflation 

In trying to apply SUSY hybrid inflation to higher GUT gauge groups which predict the existence 
of monopoles, we encounter a cosmological catastrophe. Inflation is terminated abruptly as the 
system reaches the critical point on the inflationary path and is followed by the waterfall regime, 
during which the scalar fields cj), cf> develop their VEVs and the spontaneous breaking of the GUT 
gauge symmetry takes place. The fields <fi, <p can end up at any point of the vacuum manifold with 
equal probability and thus monopoles are copiously produced through the Kibble mechanism [16 . 
One of the simplest GUTs predicting monopoles is the Pati-Salam (PS) model [T7] with gauge 
group Gps = SU(4) C x SU(2)l x SU(2)r. Solutions to the monopole problem have been proposed 
[15] fT§] within the SUSY PS model, that lead to extensions of standard hybrid inflation. 

In the PS model, the spontaneous breaking of Gps to Gsm is achieved via the VEVs of a 
conjugate pair of Higgs fields 



= {4 4 4 4 J- (3 - 34) 

H c (4,1,2) = ( S J } S ), (3-35) 



in the Vjj, Vjj directions. For simplicity, we will adopt our standard convention to denote the 
SM singlet component of a gauge multiplet with the same symbol as the multiplet itself, hopping 
that the meaning of the symbol is clear from the context. The relevant part of the superpotential, 
including the leading non-renormalizable term, is 

W = kS(-M 2 + H C H C ) + pS ^^p- , (3.36) 

where Mg ~ 5 • 10 17 GeV is a superheavy string scale [T5]. Note that the existence of the non- 
renormalizable coupling is an automatic consequence of the first two couplings, which constitute 
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the standard supcrpotcntial for SUSY hybrid inflation. Indeed, the operator H C H C is neutral 
under all symmetries of the superpotential and thus the above coupling, which is crucial for the 
specific inflationary scheme, cannot be forbidden. In fact, all higher order couplings of the form 
S(H c H c ) n /M 2 s [n ~ 1] with n > 3 are also allowed. They are, however, subdominant to the term 
with n = 2 in the relevant region of the field space, even if their coefficients are of order one. 

If we impose an extra Zi symmetry |18) in the superpotential, under which H c — > —H c , the hole 
structure of the model remains unchanged except that now only even powers of the combination 
H C H C are allowed. If in Eq. (|3.36[) we absorb the parameters K and /3 in M and Ms, the new 
superpotential is written as 



w = s 



, , ( ff c iJ c ) 2 

Mj 



-M 



(3.37) 



where and Ms are taken to be real and positive by field redefinitions. The scalar potential 
derived from W is 



V 



(H C H C ) 2 4|5| 2 |H c | 2 |iJ c | 2 
+ Mi 



(\H C \ 2 + \H C \ 2 ). (3.38) 



To go on, D-flatness implies that H c * = e^l 
d = 0, which contains the SUSY vacua. Then, after rotating the fields S, H c and H c to the real 
axis by gauge and U(1)r transformations, we can set H c = H c = x/2 and S = a/V2 and the 
scalar potential takes the simple form 



2 X \ , CT X 



The emerging picture is completely different. The flat direction at x = is now a valley of 
local maxima for all values of a and two new symmetric valleys of minima appear [18j at 

x = ± ^J- 1 + f^&l)'' 2 . (3.40) 



They contain the SUSY vacua, which lie at \ = ±2\//jMs, a = 0. These valleys are not classically 
flat. In fact, they possess a slope already at the classical level, which can drive the inflaton towards 
the vacua. Thus, there is no need of radiative corrections in this case. For large enough values of 
a, the value of \ 2 an d the potential along the inflationary path can be expanded as 



X 



^ 2fi M s v ^fL_l>Mz\ for (7>>A /2^73. (3.41) 



3a 2 ' ■ -<~ \ 27(T 4 



The system follows, from the beginning, a particular inflationary path and ends up at a particular 
point of the vacuum manifold, thus not producing any monopoles after inflation. The end of 
inflation is not abrupt in this case, since the inflationary path is stable with respect to x f° r au 
values of a . 

The value a f at which inflation is terminated smoothly is found from the e and rj criteria. The 
e and rj parameters are given by 



8n 4 Mi ml 20/i 2 M| ml 



and the ry criterion, which is more stringent than the e one in this case, gives 

1/6 



(|) ^M 3 m P fl\ (3.43) 
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a value that is within the range of approximation of Eq. ()3.41|) . The number of e- foldings suffered 
by our present horizon scale is found to be 

9 , « 9<t? 



8A« 2 Mjm£ v ~ y " J/ 8fi 2 M 2 m 2 6' 



N Q * o.,2 M 2 m 2 K - -V = a „2^ m 2 ~ (3-44) 



The power spectrum of the primordial curvature perturbation is calculated from Eq. (13.141) to be 



Sttv^ Mfm| 



Finally, the tensor to scalar ratio is negligible while the spectral index of density perturbations is 
found, with the aid of Eq. 1)3.44)) . to be 

1 + 2^1-^-^. (3.46) 

As a numerical example, we can take the common VEV of H c and H c , y/JIMs, to be equal to 
the SUSY GUT scale, M GUT = 2.86 • 10 16 GeV. Then, Eq. (ETUI) for Nq = 55 gives a Q ~ 
2.41 • 10 17 GcV and the WMAP3 llj normalization, P^ 2 ~ 4.85 • 1(T 5 , can be satisfied with 
Ms — 8.48 • 10 17 GeV, \i ~ 9.65 • 10 14 GeV, values that are quite natural. The spectral index 
turns out to be n s ~ 0.97, which is closer to the WMAP3 result, n s = 0.958 ± 0.016, than the n s 
predicted by standard SUSY hybrid inflation. As in the case of standard SUSY hybrid inflation, 
minimal SUGRA corrections do not ruin inflation but tend to increase the value of the spectral 
index above unity [20] . One may then use a non-minimal Kahler potential [21j in order to achieve 
a spectral index compatible with WMAP3 (see also Sec. 17.30 , 



3.5 Shifted hybrid inflation 

A different scenario emerges [H] if one keeps all the terms in Eq. (|3.36p , which reads 

,{H c H c f 



W = kS{-M 2 + H C H C ) - PS- 



(3.47) 



Here we have set (3 — * —j3, which is appropriate for this model. Note that (3 can in general be 
complex, but we take it to be real and positive for simplicity. The parameters k, M and Ms can 
be made real and positive by field redefinitions. The scalar potential derived from W is 



V = 



k(-M 2 + H C H C ) - (3 



{H c H c f 



Ml 



+ « 2 |5| 2 



1 



2/3 H C H C 



(|/rf + |irf). 



(3.48) 



Once again, D-flatness implies H c * = e 1 ® H c and we restrict ourselves to the direction with $ = 
which contains the SUSY vacua (see below). Defining the dimensionless variables w = \S\/M and 
y = \H C \/M, we obtain 



V = V 



(1 



£y 4 



2w 2 y 2 (l-2^y 2 )' 



(3.49) 



were we have set Vq = k 2 M 4 and £ = (3M 2 / nMg. This potential is a simple extension of the 
standard potential for SUSY hybrid inflation (which corresponds to £ = 0) and appears in a 
wide class of models incorporating the leading non-renormalizable correction to the standard 
superpotential. 

For constant w (or 15*1), the potential in Eq. (|3.49p has extrema at 



m = o, 2/2 



i 



2C 



2/3± 



1 - 6£w 2 ± \/(l - 6£w 2 ) 2 - 4£(1 - w 2 ). 



(3.50) 
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Note that the first two extrema (2/1 and 2/2) are S'-independent and thus correspond to classically 
flat directions, the trivial one at 2/1 = with V\ — Vq and the "shifted" one at 2/2 — l/\/2£ with 
y% = Vo(l/4£ — l) 2 , which can be used as an inflationary path. The trivial trajectory is a valley 
of minima for w > 1, while the shifted one for w > wq = (l/8£ — 1/2) 1 / 2 , which is the critical 
point. We take £ < 1/4 so that wq > and the shifted path is destabilized (in the chosen direction 
H c * = H°) before w reaches zero. The extrema at y$±, which are S'-dependent and non-flat, 
do not exist for all values of w and £. These two extrema, at w = 0, become the SUSY vacua. 
The vacuum where the system most probably ends up after inflation (see below) corresponds to 
2/3— \ w =o and thus, the common VEV of H c and H c is given by 

\H C \ 2 1 



= ^(1-V1 3 4|)- (3-51) 



M 2 2£ 

We will now discuss the structure of V and the inflationary history for 1/6 < £ < 1/4. For 
fixed w > 1, there exist two local minima at y± = and 2/2 — l/\/2£~, which has lower potential 
energy density, and a local maximum at 2/3+ between the minima. As w becomes smaller than 
unity, the extremum at y± turns into a local maximum, while the extremum at 2/3+ disappears. 
The system then can fall into the shifted path, in case it had started at yi = 0. As we further 
decrease w below (2 - ) 1/2 /VW, 

a pair of new extrema, a local minimum at 2/3- and 
a local maximum at 2/3+, are created between j/i and 2/2 • As w crosses wq, the local maximum at 
2/3+ crosses 2/2 becoming a local minimum. At the same time, the local minimum at 2/2 turns into 
a local maximum and inflation ends with the system falling into the local minimum at 2/3- which, 
at w = 0, becomes the SUSY vacuum. After inflation, the system could fall into the minimum at 
2/3+ instead of the one at 2/3-- However, it is most probable that the system will end up at 2/3-, 
since in the last e-folding or so the barrier separating the minima at 2/3- and 2/2 is considerably 
reduced and the decay of the "false vacuum" at 2/2 to the minimum at 2/3- can be completed before 
the 2/3+ minimum even appears. This transition is further accelerated by the inflationary density 
perturbations. We see that, in this scenario, inflation takes place on the shifted path, where Gps 
is already broken to Gsm and thus no monopoles are produced at the waterfall. 

If we evaluate the mass spectrum on the shifted path [19j , we find that the only mass splitting 
in supermultiplets occurs in the vjj, Pjj sector. Specifically, we obtain one Majorana fermion 
with mass 2 equal to 4k 2 |S'| 2 and two normalized real scalars with m\ = 4k 2 |5| 2 =p 2K 2 m 2 , where 
m = M(l/4£— l) 1 / 2 . The radiative corrections on the shifted path can then be constructed using 
Eq. (|3.24|) and one finds that the effective potential on the inflationary path is given by 



V cS = V <1 



16tt 2 



2 In + (z + l) 2 ln(l + z- 1 ) + (z - l) 2 ln(l - z" 1 ) 



(3.52) 



with Vq — K 2 m 4 . Here z = a 2 /m 2 and a = \/2S is the real normalized inflaton field. Then, as 
in the case of standard SUSY hybrid inflation, the power spectrum of the primordial curvature 
perturbation can be approximated, for xq = \<jQ\/m 3> 1, by 



If we take as a numerical example £ = 1/5 and N Q = 55, the WMAP3 [II] value, P^ 2 ~ 4.85 -1CT 5 , 
can be met with m ~ 6.89 • 10 15 GeV, M ~ 1.38 ■ 10 16 GeV and the common VEV of H c and 
H c in the SUSY vacuum \H C \ ~ 1.62 • 10 16 GeV. The spectral index, n s , depends strongly on the 
parameter k [IH] and can take values between about 0.9 and 1. Finally, again as in standard SUSY 
hybrid inflation, minimal SUGRA corrections do not ruin the inflationary scenario, although they 
tend to increase the predicted value of the spectral index. 
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Chapter 4 



The extended SUSY Pati-Salam 
model with Yukawa 
quasi-unification 

In the previous chapter we described hybrid inflation and its extensions in the context of the 
SUSY Pati-Salam model, smooth and shifted hybrid inflation, which solve the monopole problem 
by introducing the leading non-renormalizable term in the superpotential. However, these variants 
of hybrid inflation can also arise without the need of this term. In this chapter we will briefly 
describe the extended supersymmetric Pati-Salam model with Yukawa quasi-unification |22j . a 
model that was introduced to cope with a problem completely irrelevant to inflation. In the 
following chapters, we will describe what is intended to be the main matter of this thesis, the rich 
cosmology that this model can exhibit. 

4.1 Introduction 

The most restrictive version of the MSSM with gauge coupling unification, radiative electroweak 
breaking and universal boundary conditions from gravity mediated soft SUSY breaking, known 
as constrained MSSM (CMSSM) [53], can be made even more predictive if we impose Yukawa 
unification (YU), i.e. assume that the three third generation Yukawa coupling constants unify at 
the SUSY GUT scale, Mgtjt- The requirement of YU can be achieved by embedding the MSSM 
in a SUSY GUT with a gauge group containing SU(4) C and SU(2)r. Indeed, assuming that the 
electroweak Higgs superfields H u , Hd and the third family right handed quark superfields i, b 
form SU(2)r doublets, we obtain [21] the "asymptotic" Yukawa coupling relation h t = hb and 
hence large tan/3 ~ mt/mb- Moreover, if the third generation quark and lepton SU(2)l doublets 
[singlets] Q3 and L3 [6 and f] form a SU(4) C 4-plet [4-plet] and the Higgs doublet Hd which couples 
to them is a SU(4) C singlet, we get hb — h T and the "asymptotic" relation nib — wir follows. The 
simplest GUT gauge group which contains both SU(4) C and SU(2)r is the Pati-Salam group Gps 
and the model we will describe is based on this group. 

However, applying YU in the context of the CMSSM and given the experimental values of 
the top-quark and tau- lepton masses (which naturally restrict tan/3 ~ 50), the resulting value of 
the 6-quark mass turns out to be unacceptable. This is due to the fact that, in the large tan/3 
regime, the tree level 6-quark mass receives sizeable SUSY corrections [25] [26l [27] [28] (about 20%), 
which have the sign of [i (with the standard sign convention [5S]) and drive, for /1 > [<] 0, the 
corrected 6-quark mass at Mz, rrib(Mz), well above [somewhat below] its 95% confidence level 
(c.l.) experimental range: 

2.684 GeV < m b (M z ) < 3.092 GeV, with a s (M z ) = 0.1185. (4.1) 
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This is derived by appropriately evolving |22j the corresponding range of mb{m\ J ) in the MS 
scheme (i.e. 3.95 — 4.55 GeV) up to Mz in accordance with [30]. We see that, for both signs of /i, 
YU leads to an unacceptable 6-quark mass with the fi < case being less disfavored. 

A way out of this nib problem can be found [55] without abandoning the CMSSM (in contrast 
to the usual strategy [55] [3H GUI EH] ) or YU altogether. Instead, we can rather modestly correct 
YU by including an extra SU(4) C non-singlet Higgs superfield with Yukawa couplings to the quarks 
and leptons. The Higgs SU(2)l doublets contained in this superfield can naturally develop [34] 
subdominant VEVs and mix with the main clcctroweak doublets, which are assumed to be SU(4) C 
singlets and form a SU(2)r doublet. This mixing can, in general, violate SU(2)r. Consequently, 
the resulting electroweak Higgs doublets H u , Hd do not form a SU(2)r doublet and also break 
SU(4) C . The required deviation from YU is expected to be more pronounced for n. > 0. Despite 
this, we will describe here this case, since the \i < case has been excluded [35] by combining the 
WMAP restrictions [36] on the cold dark matter (CDM) in the universe with the experimental 
results [37] on the inclusive branching ratio BR(6 — > S7). 



4.2 The SUSY GUT model 

We take the SUSY GUT model of shifted hybrid inflation H] (see also Sees. ES] [33]) as our 
starting point. It is based on Gps, which is the simplest gauge group that can lead to YU. The 
representations under Gps and the global charges of the various matter and Higgs superfields 
contained in this model are presented in Table |4~T1 which also contains the extra Higgs superfields 
required for accommodating an adequate violation of YU (see below). The matter superfields are 
Fi and F£ (i = 1,2, 3 is the family index), while the electroweak Higgs doublets belong to the 
superfield h. The particle content of these superfields in terms of SM fields is 

- (2 1 1 :)< ^ 
= (in 2)» ^ 
h ^ (4 - 4) 

so, all the requirements for exact YU are fulfilled. The breaking of Gps down to Gsm is achieved 
by the superheavy VEVs (~ Mqut) of the right handed neutrino type components of a conjugate 
pair of Higgs superfields H c , H c , written as 



HC{4A > 2) = \ 4 I 4 I J' (4 - 5) 

5 C (4,1,2) = ( J f f J V (4.6) 



The model also contains a gauge singlet S which triggers the breaking of Gps, a SU(4) C 6-plet 
G which gives [3H] masses to the right handed down quark type components of H c , H c and a 
pair of gauge singlets N, N for solving [39] the \i problem of the MSSM via a Peccei-Quinn 
(PQ) symmetry. In addition to Gps, the model possesses two global U(l) symmetries, namely 
a R and a PQ symmetry, as well as a discrete Z™ p symmetry ("matter parity"). A moderate 
violation of exact YU can be naturally accommodated [55] in this model by adding a new Higgs 
superfield h! with Yukawa couplings FF c h' . Actually, (15, 2, 2) is the only representation, besides 
(1,2,2), which possesses such couplings to the fermions. In order to give superheavy masses to 
the color non-singlet components of ft.', one needs to include one more Higgs superfield h! with the 
superpotential coupling h'h', whose coefficient is of the order of Mqut- 

After the breaking of Gps to Gsm, the two color singlet SU(2)l doublets h[, h' 2 contained in 
h! can mix with the corresponding doublets hi, hi in h. This mainly happens due to the terms 
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Tabic 4.1: Superfield Content of the Model 



Superficlds 


Representations 


Global Symmetries 




under Gps 


R 


PQ 




Matter Fields 


F 


(4,2,1) 


1/2 


-1 


1 


Ff 


(4,1,2) 


1/2 





-1 


Higgs Fields 


h 


(1 2 2) 


o 


1 


o 


H c 


(4,1,2) 











H c 


(4,1,2) 











S 


(1,1,1) 


1 








G 


(6,1,1) 


1 








N 


(1,1,1) 


1/2 


-1 





N 


(1,1,1) 





1 







Extra Higgs 


Fields 






h! 


(15,2,2) 





1 





h! 


(15,2,2) 


1 


-1 





4> 


(15,1,3) 











4> 


(15,1,3) 


1 









h'h' and H c H c h'h. Actually, since 

H C H C = (4, 1, 2)(4, 1, 2) = (15, 1, 1 + 3) + • • • , (4.7) 
h'h = (15, 2, 2)(1, 2, 2) = (15, 1, 1 + 3) + • • • , (4.8) 

there arc two independent couplings of the type H c H c h'h (both suppressed by the string scale 
Ms ~ 5 • 10 17 GeV, being non-renormalizablc) . One of them is between the SU(2)r singlets in 
H C H C and h'h, and the other between the SU(2)r triplets in these combinations. So, we obtain 
two bilinear terms h[hi and h' 2 h2 with different coefficients, which are suppressed by Mqut/Ms- 
These terms together with the terms h! x h' x and h' 2 h' 2 from h'h', which have equal coefficients, 
generate different mixings between hi, h\ and hi, h' 2 . Consequently, the resulting clcctroweak 
doublets H u , Hd contain SU(4) c -violating components suppressed by Mqxjt/Ms and fail to form 
a SU(2)r doublet by an equally suppressed amount. So, YU is moderately violated. Unfortunately, 
this violation is not adequate for correcting the 6-quark mass within the CMSSM for /j, > 0. 

In order to allow for a more sizable violation of YU, the model is further extend by including the 
superfield <fi with the coupling <f>h'h. To give superheavy masses to the color non-singlets in (j), one 
needs to introduce one more superfield, <p, with the coupling <jxf>, whose coefficient is of order Mqut- 
The terms 4>4> and <f>H c H c imply that, after the breaking of Gps to Gsm, 4> acquires a superheavy 
VEV of order Mqut- The coupling cfh'h then generates SU(2)R-violating unsuppressed bilinear 
terms between the doublets in h' and h. These terms can certainly overshadow the corresponding 
ones from the non-renormalizable term H c H c h'h. The resulting SU(2)R-violating mixing of the 
doublets in h and h! is then unsuppressed and we can obtain stronger violation of YU. 
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4.3 The Yukawa quasi-unification condition 



To further analyze the mixing of the doublets in h and h', observe that the part of the superpo- 
tential corresponding to the symbolic couplings h'h', <f)h'h is properly written as 



m Tr{tieh'e}+p Tr{ti ecfiie) , 



(4.9) 



where e is the antisymmetric 2x2 matrix with ei2 = +1, Tr denotes trace taken with respect to 
the SU(4) C and SU(2)l indices and a tilde denotes the transpose of a matrix. After the breaking 
of Gps to Gsm, 4> acquires a VEV ((f) ~ A/qut- If we substitute <j> by its VEV in the above 
couplings, we obtain 

Tr{h'eh'e} = h' x eh' 2 + h\eh' 2 + • • • , (4.10) 

Tr{h'e<f>he} = -^L Tr{h'ea 3 he} = -^L (h[eh 2 - hieh' 2 ), (4.11) 
v 2 v 2 

where the ellipsis in Eq. (|4. 10(1 contains the colored components of hi, hi and 03 = diag(l,— 1). 
Inserting Eqs. (|4.10| and (|4.11|) into Eq. ([4~9]) . we obtain 

m hl x t(^i 2 ~ a xh%) + m (h'i + aihi)eh' 2 , with a% — — p (4>) /y2m. (4-12) 



So, we get two pairs of superheavy doublets with mass m. They are predominantly given by 



h' 2 - a\h 2 



and 



h'i + a\h\ 



ho. 



The orthogonal combinations of hi, h[ and h 2 , h' 2 constitute the electroweak doublets 

hi — a*h\ , rr h 2 + a* 1 h! 2 



a\h\ 



and H„ 



0" 



ai\ 



(4.13) 



(4.14) 



The superheavy doublets in Eq. (|4.13p must have vanishing VEVs, which readily implies that 
(hi) = -ai{hi), (h' 2 ) = a x (h 2 ). Eq. ([iUll then gives 



(H d ) = ^l+\ai\ 2 {h 1 ) and (H u ) = y/l + | ai | 2 (h 2 ). 
From the third generation Yukawa couplings yzzF^hF^ , 2y' 33 F 3 h'F§, we obtain 

1 + poti/\/3 



m b 



2/33(^2) + ^33(^2)1 
1 — pai/^/i 



a 2 



V3z(Hd) 



■ yzz(Hu) 



1 + \/3pai 



2/33 (-ffd) 



(4.15) 



(4.16) 



(4.17) 



where /? = 2/33/2/33- From Eqs. (|4.16p and (|4.17[) . we see that YU is now replaced by the Yukawa 
quasi-unification condition (YQUC), 



h t : h b : h T = (1 + c) : (1 - c) : (1 + 3c), with < c = pai/VS < 1. 



(4.18) 



For simplicity, we restricted ourselves to real values of c only, which lie between zero and unity. 

It turns out [55] that this YQUC can allow for an acceptable &-quark mass within the CMSSM 
with /1 > and universal boundary conditions. Furthermore, there exists a wide and natural range 
of parameters consistent with cosmological and phenomenological requirements. In particular, the 
model was successfully confronted with data from CDM considerations, the branching ratio b — ► 57, 
the muon anomalous magnetic moment and the Higgs boson masses. Interestingly enough, apart 
from its success in the &-quark mass problem, the model also revealed a quite rich cosmological 
phenomenology, incorporating and expanding all the extensions of supersymmetric hybrid inflation 
mentioned in Chap. [3] The detailed study of the cosmology of the model is the subject of the 
remaining chapters of this thesis. 
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Chapter 5 

New shifted hybrid inflation 



5.1 Introduction 

In Chap. Owe saw that the monopole problem of hybrid inflation in SUSY GUTs and in particular 
in the SUSY Pati-Salam model with gauge group Gps = SU(4) C x SU(2) L x SU(2) R , can be solved 
by taking into account the leading non-renormalizable term in the superpotential (see also [5] 
for a review). It was argued that this term cannot be excluded by any symmetry and can be 
comparable to the trilinear term of the standard superpotential. The coexistence of both these 
terms (see Sec. 13.51 and Ref. [H]) leads to the appearance of a "shifted" classically flat valley 
of local minima where the GUT gauge symmetry is broken. This valley acquires a slope at the 
one-loop level and can be used as an alternative inflationary path. In this scenario, which is known 
as shifted hybrid inflation, there is no formation of topological defects at the end of inflation and 
hence the potential monopole problem is avoided. This is crucial for the compatibility of the SUSY 
PS model with hybrid inflation since this model predicts the existence of magnetic monopoles. 

It would be desirable to solve the magnetic monopole problem of hybrid inflation in SUSY 
GUTs with the GUT gauge group broken directly to Gsm (the monopole problem could also 
be solved by employing |41j an intermediate symmetry breaking scale or by other mechanisms, 
e.g. |42J, without relying on the presence of non-renormalizable superpotential terms. In this 
chapter, we show how a new version of shifted hybrid inflation [43] can take place in the extended 
SUSY PS model described in Chap. 0] without invoking any non-renormalizable superpotential 
terms. This feature is caused by the inclusion of the conjugate pair of superfields <f> and <f>, which 
belong to the representation (15,1,3) of Gps (see Sec. 14.21) . These fields lead to three new 
renormalizable terms in the part of the superpotential which is relevant for inflation, which is 

W = kS(H c H c - A/ 2 ) - (3S4> 2 + m# + \0H c H c , (5.1) 

where M and m are superheavy masses of the order of Mqut and k, [3 and A are dimensionless 
coupling constants. These parameters are normalized so that they correspond to the couplings 
between the SM singlet components of the superfields. We can take M, m, k, A > by field 
redefinitions. For simplicity, we also take (3 > 0, although it can be generally complex. 

5.2 New shifted hybrid inflation in global SUSY 

The scalar potential obtained from W is given by 

V = \k(H c H c - M 2 )~ j3(f) 2 \ 2 + \~2f3Sc/) + m^\ 2 + \m4 + XH c H c \ 2 

+ \kS + A0| 2 (\H C \ 2 + \H C \ 2 ) + D - terms, (5.2) 

where the complex scalar fields which belong to the SM singlet components of the superfields are 
denoted by the same symbols as the corresponding superfields. As usual, the vanishing of the 
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D-terms yields H c * = e'" 3 H c (H c , H c lie in the v c Hl v c H direction). We restrict ourselves to the 
direction with •& = which contains the "new shifted" inflationary path and the SUSY vacua (see 
below) . Performing an appropriate global transformation, we can bring the complex scalar field S 
to the positive real axis. Also, by a gauge transformation, the fields H c , H° can be made positive. 
From the potential in Eq. (|5.2p . we find that the SUSY vacuum lies at 



H C H C 
M 2 



K2^2 / Vq V, 2 



= 0, 



(5.3) 



where £ = (3X 2 M 2 /nm 2 < 1/4. Here, we chose the vacuum with the smallest vo (> 0) for the 
same reasons as in simple shifted hybrid inflation (see Sec. 13. 5|l . The derivatives of the potential 
with respect to the scalar fields considered as complex variables, are 



dV 
dV 
dV_ 

dV 
dH" 

dV 
dH c * 



(-2/3S0 + rruft)(-20(f>*) + k(kS + \&(\H C \ 2 + \H C \ 2 ) 
{-2(3S<t> + m4>)m + X(kS + \&)(\H C \ 2 + \H C \ 2 ), 



k(H c H c - M 2 



(-2/30*) + (rruft + XH c H c )m + (-2(3S<fi + rruf>)(-20S*), 



k(H c H c - M 2 ) - (3(j> 2 kH c * + (m<P + \H C H C )\H C * + \kS + \<j>\ 2 H c , 



k(H c H c - M 2 ) - (3(j> 2 kH c * + (m4 + XH C H C )XH C 



iS + Xc/)\ 2 H c 



(5.4) 
(5.5) 
(5.6) 
(5.7) 
(5.8) 



From these partial derivatives one can see that the potential possesses in general three flat direc- 
tions. The trivial one is at H c = H c = = = with V = k 2 M 4 . The second is defined from 
the equations 

- 2/3S0 + m0 = 0, H c = i/ c = 0, (5.9) 

which come from setting the partial derivatives of the potential with respect to S* and 0*, 
Eqs. (|5.4[) and (|5.5p . equal to zero. We will deal with this case in Chap. [HI The third one is 
defined from 

- 2/350 + m0 = O, kS' + A0 = O, H c ,H c ^0, (5.10) 



which is the other case that one obtains from setting Eqs. (|5.4|) and (|5.5p equal to zero. The VEVs 
of the fields along this direction are 



H C H C 
M 2 



(-)' 



2^(l + l/4Q + A 2 /£ 
2(k 2 + X 2 ) 



S>0 1 



M 



with 



Vo_ 

M 4 



K X 

k 2 + X 2 V4£ 



- 1 



This is a flat direction with the properties of the shifted path described in Sec 
Gps is broken to Gsm since H c , H c ^ 0, which can be used as an inflationary path 



= --S, (5.11) 



(5.12) 
along which 



5.3 One-loop radiative corrections 

As in the case of simple shifted hybrid inflation, which is based on non-renormalizable superpo- 
tential terms, the constant classical energy density on this "new shifted" path breaks SUSY and 
implies the existence of one-loop radiative corrections which lift the classical flatness of this path, 
yielding the necessary inclination for driving the inflaton towards the SUSY vacuum. The one-loop 
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radiative correction to the potential along this path is calculated by using the Coleman- Weinberg 
formula given in Eq. (j3.24[) and repeated here for convenience, 

W = ^Y,t-V FiM >§- (5.13) 

i 

In order to use this formula for creating a logarithmic slope to the potential, one has first to derive 
the mass spectrum of the model on the new shifted inflationary path. 

As mentioned, during inflation, H c , H c acquire constant values in the v c H , directions which 
are equal to v (> 0) and break Gps to Gsu- We can then write v c H — v + 8v c H , Pjj = v + Svjj, 
where 6fjj, dDfj are complex scalar fields. The (complex) deviations of the fields S, <fi, <fi from 
their values at a point on the new shifted path (corresponding to S > 0) are similarly denoted as 
SS, 5<fi, S(j). We define the complex scalar fields 

e = ftfr + ftft v = toj L z&k t (514) 

v 2 V 2 

kSS + \54> XSS — n5(j) . 

C = r> £ — r ' (5.15) 

(k 2 + A 2 )3 (k 2 + A 2 )^ 

We find that rj and e do not acquire any masses from the scalar potential in Eq. (|5.2j) . Actually, e 
(and its SUSY partner) remains massless even after including the gauge interactions (see below). 
It corresponds to the complex inflaton field E = (AS 1 — k4>)/(k 2 + A 2 ) 1 / 2 , which on the new shifted 
path takes the form E = (k 2 + X 2 ) 1 / 2 S / X. So, in this case, the real normalized inflaton field is 

<7 = 2 1 / 2 ( K 2 + A 2 ) 1 / 2 S/A. 

Contrary to 77 and e, the complex scalars 8, S(f> and £ acquire masses from the potential in 

Eq. (|5.2[) . Expanding these scalars in real and imaginary parts, x = (xi + *X2)/v / 2 (x = 8, $4>i 0; 

we find that the mass squared matrices M? and M 2 of 6q, 5<pi, £1 and 82, S<p2, C2 ar e given by 

fa 2 ab OA 

Ml=M 2 \ ab b 2 + c 2 ±f 2 -cb ), (5.16) 




2k 2 (1/4C~ + 1) + A 2 /£, b 2 = /3(k 2 + A 2 )/k£, c 2 = 2/3 2 A 2 a 2 /M 2 ( K 2 + A 2 ), f 2 = 
2k/3A 2 (1/4£ - 1)/(k 2 + A 2 ) (a, 6, c, / > 0). 

One can show that, for a — > 00 (c — > 00), all the eigenvalues of these two mass squared 
matrices are positive. So, for large values of a, the new shifted path is a valley of local minima. 
As a decreases, one eigenvalue may become negative destabilizing the trajectory. From continuity, 
no eigenvalue can become negative without passing from zero. So, the critical point on the new 
shifted trajectory is encountered when one of the determinants of the matrices in Eq. (|5 . 16(1 . which 
are Det{M|} = M 6 a 2 [a 2 c 2 ± f 2 (a 2 + b 2 )], vanishes. We see that Det{Af^} is always positive, 
while Det{M 2 } vanishes at c 2 = / 2 (1 + 6 2 /a 2 ), which corresponds to the critical point of the new 
shifted path, given by 



K 2(i + zdM) + *ia+21 



Km) -/jU ) 2. 2 (i ■ ^ ■ (5 ' 17) 



The superpotential in Eq. (|5.ip gives rise to mass terms between the fermionic partners of 8, 
5cj> and £. The square of the corresponding mass matrix is found to be 

/ a 2 ab \ 

Af 2 =Af 2 ab b 2 + c 2 -cb . (5.18) 
\ -cb a 2 + b 2 J 

To complete the spectrum in the SM singlet sector, which consists of the superfields v c Hl Dfj, 
S, 4> and 4> (SM singlet directions), we must consider the following D-terms in the scalar potential: 

]^g 2 ^{H c *T a H c + H c *T a H c ) 2 , (5.19) 
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where g is the Gps gauge coupling constant and the sum extends over all the generators T a of 
Gps- The part of this sum over the generators T 15 = (1/V24) diag(l, 1, 1, -3) of SU(4) C and 
T 3 = (1/2) diag(l, —1) of SU(2)r gives rise to a mass term for the normalized real scalar field rji 
with m 2 = 5g 2 v 2 /2. The field r]2, however, is left massless by the D-terms and is absorbed by the 
gauge boson A 1 - = — (3/5) ^A 15 + (2/5) x l 2 A 3 (A 15 , A 3 are the gauge bosons corresponding to 
T 15 , T 3 ) which becomes massive with m 2 = hg 2 v 2 /2. 

Contributions to the fermion masses also arise from the Lagrangian terms (see Eq. (|2.35p ) 



- y/2g Xa i H "* T< Vi? c + H c * T a ^ Rc ) + 

a 



h.c, 



(5.20) 



where A a is the gaugino corresponding to T a and ipH" , i>H° represent the chiral fermions in the 
superfields H c , H c . Concentrating again on T 15 and T 3 , we obtain a Dirac mass term between 
the chiral fermion in the rj direction and — iX- 1 (with A 4 - being the SUSY partner of A- 1 ) with 
m 2 = 5g 2 v 2 /2. The SM singlet components of <j> and 4> do not contribute to bosonic and fermionic 
couplings analogous to the ones in Eqs. (|5 . 19[) and (|5.20[) since they commute with T 15 and T 3 . 

This completes the analysis of the SM singlet sector of the model. In summary, we found two 
groups of three real scalars with mass squared matrices M± and three two component fermions 
with mass matrix squared Mq. Also, one Dirac fermion (with four components), one gauge boson 
and one real scalar, all of them having the same mass squared m 2 = 5g 2 v 2 /2 and thus not 
contributing to the one-loop radiative correction. From Eq. (|5.13[) . we find that the contribution 
of the SM singlet sector to the radiative correction along the new shifted path is given by 



AV = 



1 



64tt 2 



Tr <^ Mi In 



Ml 
A 2 " 



Mi In 



Ml 
A 2 



-2M Q Hn§ 



(5.21) 



One can show that, in this sector, Tr{M 2 } = and Tr{M 4 } = 2M 4 / 4 , which is CT-independent 
and thus the generated slope on the inflationary path is A- independent. 

We now turn to the u c and u c type fields which are color antitriplets with charge —2/3 and 
color triplets with charge 2/3 respectively. Such fields exist in H c , H c , (f> and cf> and we denote 



them by u c H , 



1 



1 3 





Wi, u'jr and u%. The relevant expansion of <f> is 







1 

-1 



0.3 







o 3 



(5.22) 



where the SM singlet in <f> (denoted by the same symbol) is also shown with the first (second) 
matrix in the brackets belonging to the algebra of SU(4) C (SU(2)r). Here, I3 and O3 denote the 
3x3 unit and zero matrices respectively. The fields u^, are SU(2)r singlets, so only their 
SU(4) C structure is shown and summation over their SU(3) C indices is implied in the ellipsis. The 
field <f> can be similarly expanded. 

In the bosonic u c , u c type sector, we find that the mass squared matrices M 2 ± of the complex 
scalars uZ± — (uS ± ut*)/V2 (x = H, <p, <j>), are given by 



Ml,, = M 



9p 



2\ 2 a 2 /3 2k/ 



3k£V j + ' 

_ 1 

2V2k^ Acq 

3V3/32 5 2 b 



3/3 



y / 2A 2 /3a 



+ C-. 
1 1 

K,2£2 



_ 2V2«2 Acq 
3V3/32{2 b 

~ 1 1 

/3A 2 2A 2 a 2 
Kt + 3«5fc 2 j 



(5.23) 



and 



Mi 



M 



Ak 2 c 2 



2\ 2 a 2 f3 _ 
3Kffc 2 

- y / 2A 2 / 3a 
V3n£b 



- 2V2k 2 Acq 
3V3/35J2 b 



2k/ 2 
3/3 



+ 



g 2 a 2 /3 
2k^6 2 



g a 

9 



k2 ac 
T 



\/6f 2 02 \b 



- V2A 2 /3q g 



+ 



/3V 



+ c 2 + f + 



V6Hb 

y 



- A/32 c 
— 1 1 

K2 52 



9 CK.2 

■ 1 3 — 

3£ 2 /3 2 A 



- 2\/2k 2 Acq 
3^3/35^2 b 



g k - A/3 2 c 



g k 2 ac 

+ r- 1 1 

V6£ 2 /33 A6 
2 a 

9 CK2 
1 3~ 

352/32 A 



/3A 2 



2A 2 q 2 /3 

3Kffc 2 



3\ 2 f3 2 J 



(5.24) 
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The mass squared matrix M 2 + has one zero eigenvalue corresponding to the Goldstone boson which 
is absorbed by the superhiggs mechanism. This is easily checked by showing that Det{M 2 + } = 0. 
However, it does no harm to keep this Goldstone mode since it has vanishing contribution to the 
radiative corrections in Eq. (|5.13[) anyway. 

In the u c , u c type sector, we obtain four Dirac fermions (per color) tp^ c — tp u c + ip^c , with 



X = H,< 



and — iX 



i(A+ + A~ c ). Here, X ± = (A 1 ± iX 2 )/V2, where A 1 (A 2 ) is the gaugino 



color triplet corresponding to the SU(4) C generators with 1/2 (— i/2) in the i4 and 1/2 (i/2) in 
the 4i entry (i = 1, 2, 3). The fermionic mass matrix is 



M,i 



M 
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2kc 
3/3 





\plpixa 

r- 1 1 

V3K 2 £ 2 b 







- c 


pi x 
1 1 

K 2 £ 2 




\f2~pixa 

r- 1 1 

V3k 2 £ 2 b 


pix 
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K 2 £ 2 
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gap 2 


S K2 


gnc 


r- 1 1 


r- 1 1 
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V3Xp 



__ga£2_ 

_ i — r~ 

V2k 2 £ 2 6 

_ l — r 

V3t32£ 2 







(5.25) 



To complete this sector, we must also include the gauge bosons A which are associated with A 
They acquire a mass squared M 2 = g 2 M 2 (a 2 /3/2k£6 2 + k/3/3£ + k 2 c 2 /3/3 2 A 2 ). 
The overall contribution of the u c , u c type sector to AV in Eq. (|5.13j) is 



AV 



5 .TriMLln A/ " 



32tt 2 



A 2 



Mi_ In 



M 2 



A 2 



-2Ml ln M '" 



A 2 



M 2 

3M 4 ln^f 



(5.26) 



In this sector, Tr{M 2 } = and Tr{M 4 } = 12M 4 / 4 (1 + 4k 2 /9/3 2 - 2 5 2 k 2 /3/3 2 A 2 ). So, the contri- 
bution of this sector to the slope of the new shifted path is also A-independent. 

We will now discuss the contribution from the e c , e° type sector consisting of color singlets 
with charge 1,-1. Such fields exist in H c , H c , <j>, <f) and we denote them by e c H , e c H , e^, e^, e^, 
e%. The field </> can be expanded in e^, e c i as follows: 



1 











1 






1 



(5.27) 



with the same notation as in Eq. (|5.22p . A similar expansion holds for 0. The analysis in this 
sector is similar to the one in the u c , u c type sector and we only summarize the results. 

In the bosonic sector, we obtain two groups, each consisting of three complex scalars with mass 
squared matrices 
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(5.28) 



and 
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(5.29) 



The matrix M 2 + , similarly to M 2 + in the ■ 



type sector, has one zero eigenvalue corresponding 



to the Goldstone mode absorbed by the superhiggs mechanism. 
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In the fcrmion sector, we obtain four Dirac fermions with mass matrix given by 
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(5.30) 



Finally, we also obtain in this sector one complex gauge boson with mass squared given by M 2 
g 2 M 2 {a 2 l3/2K£b 2 + K /2f3Z + K 2 c 2 /2/3 2 \ 2 ). 

The contribution of the e c , e c type sector to AV is 
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One can show that Tr{Af 2 } = and Tr{M 4 } = 4M 4 / 4 (1 + k 2 //3 2 - g 2 n 2 //3 2 X 2 ) in this sector and 
thus its contribution to the inflationary slope is again A-independent. 

We next consider the d c and d c type sector consisting of color antitriplets with charge 1/3 and 
color triplets with charge —1/3. We have the fields d c Hl d c H , d^, dj^, d^, d^, coming from H c , H c . 
<f> and <f). Note that <p can be expanded as 
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(5.32) 



with the notation of Eq. (|5.22|) . The field 4> is similarly expanded. The model also contains 22\ 
a SU(4) C 6-plet superfield G = (6, 1, 1) with the superpotential couplings xGH c H c , yGH c H c , in 
order to give [38 superheavy masses to d c H and d c H . The field G splits under Gsm into the fields 
g c = (3, 1,1/3) and g c = (3, 1,-1/3). 

The mass terms of the complex scalars d c H , d° H , cfi, d% , d^r, d|, g c and g° are 
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From these mass terms one can construct the 8x8 mass squared matrix M 2 of the complex scalar 

fields d% d%, d%, df, d|, d>, ff c , r*- 

In the fermion sector, we obtain four Dirac fermions per color with mass matrix 
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Note that there are no D-terms, gauge bosons or gauginos in this sector. The contribution of 
the d c , d c type sector to AV is given by 
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(5.35) 



We find that Tr{M 2 } = and Tr{Af 4 } = 12M 4 / 4 (1 + n 2 /9/3 2 ) in this sector, implying that its 
contribution to the inflationary slope is again A-independent. 

Finally, we consider the q° and q° type superfields which are color antitriplets with charge 
—5/3 and color triplets with charge 5/3. They exist in q 
relevant expansion of <fi is 



and we call them q%, q^, g|. The 
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with the notation of Eq. (|5.22|) . A similar expansion holds for </>. 

One finds that the mass squared matrices in the q c , q c type bosonic sector are given by 
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The fermion mass matrix in this sector is given by 
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Furthermore, in 0, 0, there exist color octet, SU(2)r triplet superfields: 
charge 0, 1, —1 as indicated. The relevant expansion of <fi is 
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where Tg represents the eight SU(3) C generators appropriately normalized. A similar expansion 
holds for <j). It turns out that the mass squared matrices in this sector are the same as the ones in 
the q c , q c sector given in Eqs. (|5.37[) and (|5.38[) . 

The combined contribution from the q c , q c type and color octet fields to AT^ is 



327T 2 q+ A 2 
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(5.40) 



Of course, Tr{M 2 } is vanishing in this combined sector too and Tr{M } = 60Af 4 / 4 , so that we 
again have a A-independent contribution to the inflationary slope. 

The final overall AV is found by adding the contributions from the SM singlet sector in 
Eq. (|5.21[) . the u c , u c type sector in Eq. (|5.26p . the e c , e c type sector in Eq. (|5.3ip . the d c , d c type 
sector in Eq. (|5.35p and the combined q c , q c type and color octet sector in Eq. (|5.40p . These one- 
loop radiative corrections are added to Vq yielding the effective potential V(cr) along the new shifted 
inflationary trajectory. They generate a slope on this trajectory which is necessary for driving the 
system towards the vacuum. The overall Tr{M 4 } = 2Af 4 / 4 (45 + 16k 2 /3/3 2 - 6# 2 k 2 / j3 2 A 2 ) . This 
implies that the overall slope is A-independent. This is in fact a crucial property of the model 

1/2 

since otherwise observable quantities like the power spectrum amplitude of the primordial 
curvature perturbation would depend on the scale A which remains undetermined. 
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Figure 5.1: The critical value a c of the inflaton field as a function of the mass parameter to for 
k = A = 3 • 10 -3 and (3 = 0.1, 0.5 and 1, as indicated on the curves. 

As can be easily seen from the relevant expressions above, the effective potential V{a) depends 
on the following parameters: M , to, k, f3, A and g. We fix the gauge coupling constant at Mqtjt 
to the value g — 0.7, which leads to the correct values of the SM gauge coupling constants at Mz- 
We also assume [43] that the VEV v Q = (H c ) = (H c ) at the SUSY vacuum is equal to the SUSY 
GUT scale Mqut — 2.86 • 10 16 GeV. This allows us to determine the mass scale M in terms 
of the parameters m, k, (3 and A. However, one finds [23| that the requirement that M be real 
restricts the possible values of these parameters. For instance, A < 5 ■ 10~ 3 for to ~ 10 16 GeV, 
k ~ 10 -3 and (3 ~ 1. In Fig. 15.11 we present the critical value a c of the inflaton field, defined in 
Eq. I|5.17|) . as a function of the mass scale to, for k = A = 3 ■ 10~ 3 and (3 = 0.1, 0.5 and 1. As can 
be seen from this figure, the smallest values of a c correspond to j3 = 1. However, in this case, the 
mass scale to has to be > 5 • 10 15 GeV to avoid complex values of M . The value of the inflaton 
field Of at which inflation terminates cannot be smaller than its critical value a c where the new 
shifted path becomes unstable anyway. Thus, in order to reduce the effect of SUGRA corrections 
which could spoil [14 the flatness of the inflationary path, one would be tempted to choose values 
for the parameters which minimize er c . A possible set of such values [43] is to = 5 • 10 15 GeV, 
k = A = 3 • 10 -3 and (3=1, which yield a c ~ 4 • 10 16 GeV. However, in this case, the condition 
| v-7 1 = 1 implies that inflation ends at 07 ~ 1.5 ■ 10 18 GeV, which is quite large. Moreover, it turns 
out that <tq ~ 1.6 ■ 10 19 GeV, which is much bigger than top and, thus, this case is unacceptable. 

A better set of values [4*3] is m = 2 ■ 10 15 GeV, n = A = 5 • 10~ 3 and (3 = 0.1, which also 
yield a c ~ 4 • 10 16 GeV. In this case, 07 ~ 1.7 • 10 17 GeV and a Q ~ 1.6 • 10 18 GeV, which are 
much smaller but still close to top. Values of (3 smaller than 0.1 (with suitable values of the other 
parameters) give also very similar results. Actually, it turns out [53] that a general feature of the 
new shifted hybrid inflationary model is that the relevant part of inflation occurs at large values 
of a, which are close to top . Consequently, one is obliged to consider the SUGRA corrections to 
the scalar potential and invoke |43] some mechanism to ensure that the new shifted inflationary 
path remains flat. We will address this issue in the next section. 

We will now shortly discuss the constraints imposed on the parameter space by the measure- 

1/2 

ments on the power spectrum amplitude P K of the primordial curvature perturbation. For a 

1 /2 

fixed P£ we can determine one of the free parameters (say (3) in terms of the others (to, k 
and A). For instance, the COBE [13] constraint P^ 2 ~ 5.11 • 10~ 5 , corresponds to (3 = 0.1 if 
to = 4.35 • 10 15 GeV and k = A = 3 • 10" 2 . In this case, a c ~ 3.55 • 10 16 GeV, 07 ~ 1.7 • 10 17 GeV 
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and cr Q ~ 1.6 • 10 18 GeV. Also, M ~ 2.66 • 10 16 GeV, N Q ~ 57.7 and n s ~ 0.98. We see that 
the constraint on the power spectrum amplitude can be easily satisfied with natural values of the 
parameters. Moreover, superheavy SM non-singlets with masses <§C Mgut, which could disturb 
the unification of the SM gauge couplings, are not encountered. 



5.4 Supergravity corrections 

As we emphasized, new shifted hybrid inflation occurs at values of a which are quite close to the 
reduced Planck scale. Thus, one cannot ignore the SUGRA corrections to the scalar potential. The 
F-term scalar potential in SUGRA is given by Eq. 1)2.4411 . which is rewritten here for convenience 



V = e K / m ? 



{K-^F-Fi-Wr/™* , (5-41) 



with F* = -(W i + WK l /ml), Fj = -{W* + W*K j /m%). (K' 1 ^ is the inverse of the Kahler 
metric K\ and a raised (lowered) index i corresponds to derivation with respect to 4>i ('/'")• 

Consider a (complex) inflaton £ corresponding to a flat direction of global SUSY with Wj£ = 0. 
We assume that the potential on this path depends only on |£|, which holds in this model due to 
a global symmetry. From Eq. (|5.4ip , we find that the SUGRA corrections lift the flatness of the 
£ direction by generating a mass squared for £ (see e.g. [45] ) 

< - ^ - ^ + E w " v- 1 ?** w + ■ ■ ■ > ( 5 - 42 ) 

where the right hand side (RHS) is evaluated on the flat direction with the explicitly displayed 
terms taken at £ — 0. The ellipsis represents higher order terms which are suppressed by powers 
of |£|/mp. The slow roll parameter r\ then becomes 

fl = 1 - ^ + # £ W"(K-^W 3 +..-, (5.43) 

which, in general, could be of order unity and thus invalidate [2] inflation. This is the well 
known rj problem of inflation in local SUSY. Several proposals have been made in the literature 
to overcome this difficulty (for a review see e.g. [IS]). 

In standard and shifted hybrid inflation, there is an automatic mutual cancellation between the 
first two terms in the RHS of Eq. (j5.43|) . This is due to the fact that W n — on the inflationary 
path for all field directions n which are perpendicular to this path, which implies that | | 2 = Vq 
on the path. This is an important feature of these models since, in general, the sum of the first 
two terms in the RHS of Eq. (|5.43p is positive and of order unity, thereby ruining inflation. It 
is easily checked that these properties persist in this inflationary model too. In particular, the 

1/2 

superpotential on the new shifted inflationary path takes the form W — V £. 

In all these hybrid inflation models, the only non-zero contribution from the sum which appears 
in the RHS of Eq. (|5.43[) originates from the term with i = j = £ (recall that W n — on the 
path). This contribution is equal to the dimensionless coefficient of the quartic term |£| 4 /4mp 
in the Kahler potential. For inflation to remain intact, we need to assume that this coefficient is 
somewhat small. The remaining terms give negligible contributions to r\ provided that |£| <C mp. 
The latter is true for standard and shifted hybrid inflation. So, we see that, in these models, a 
mild tuning of just one parameter is adequate for protecting inflation from SUGRA corrections. 

In the present model, however, inflation takes place at values of |£| close to mp. So, the terms 
in the ellipsis in the RHS of Eq. (|5.43|) cannot be ignored and may easily invalidate inflation. 
Thus, one needs to invoke [43] here a mechanism which can ensure that the SUGRA corrections 
do not lift the flatness of the inflationary path to all orders. A suitable scheme has been suggested 
in [IS] . It has been argued that special forms of the Kahler potential can lead to the cancellation 
of the SUGRA corrections which spoil slow roll inflation to all orders. In particular, a specific 
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form of K(E) (used in no-scale SUGRA models) was employed and a gauge singlet field Z with 
a similar K(Z) was introduced. It was pointed out that, by assuming a superheavy VEV for the 
Z field through D-terms, an exact cancellation of the inflaton mass on the inflationary trajectory 
can be achieved. 

The mechanism of Ref. |46| can be readily incorporated |43j in the new shifted hybrid inflation 
model we have been discussing, to ensure that the SUGRA corrections do not lift the flatness of 
the inflationary path. The only alteration caused to the lagrangian along this path is that the 
kinetic term of a is now non-minimal. This affects the equation of motion of a and, consequently, 
the slow roll conditions, P^ 1 and Nq. The form of the Kahler potential for £ used in [15] is 



#(|£r) = -Nmpln 1 - 



Nrrip 



(5.44) 



where N — 1 or 2. Here we take N = 2. In this case, the kinetic term of the real normalized 
inflaton field a (recall that |E| = aj\f% is (l/2)(d 2 K/dT,dT.*)a 2 , where the overdot denotes 
derivation with respect to the cosmic time t and d 2 K/dYidY 1 * = (1 — a 2 /2Nmp)~ 2 . Thus, the 
lagrangian on the new shifted path is given by 
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(5.45) 



where a(t) is the scale factor of the universe. 

The evolution equation of a is found by varying this lagrangian with respect to a 
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(5.46) 



where H is the Hubble parameter. During inflation, the "friction" term 3Ha dominates over the 
other two terms in the brackets in Eq. (|5.46|) . Thus, this equation reduces to the "modified" 
inflationary equation 



3H 



1 - 



2Nmp 



(5.47) 



Note that, for a y2Nmp, this equation reduces to the standard inflationary equation. 

To derive the slow roll conditions, we evaluate the sum of the first and the third term in the 
brackets in Eq. ([OS]) by using Eq. |Q7)) : 
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Comparing the first two terms in the RHS of Eq. (|5.48|) with H&, we obtain 
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(5.49) 



The third term in the RHS of Eq. (|5.48p . compared to Ha, yields V2ae 1/2 /Nm P < I, which is 
automatically satisfied provided that e < 1 and a < Nm^/^/2. The latter is true for the values 
of a which are relevant here. We see that the slow roll parameters e and rj now carry an extra 
factor (1 — a 2 /2Nrrip) 2 < 1. This leads, in general, to smaller 07's. However, in the present case 
a j <§; ^/2Nmp (for N — 2) and, thus, this factor is practically equal to unity. Consequently, its 
influence on a/ is negligible. 
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The formulas for Nq and P TC are now also modified due to the presence of the extra factor 
(1 — a 2 /2Nm%) 2 in Eq. (|5.47|) . In particular, a factor (1 — a 2 /2Nm%)~ 2 must be included in the 
integrand in the RHS of Eq. (|STT5|) and a factor (1 - a 2 i /2Nm 2 y i in the RHS of Eq. (|5TT3|) . One 
finds |43j that, for the cr's under consideration, these modifications have only a small influence on 
<jq if one uses the same input values for the free parameters as in the global SUSY case. On the 

1/2 

contrary, P K increases considerably. However, we can easily readjust the parameters so that the 
observational requirements on the power spectrum are again met. For instance, P^/ 2 — 5.11 • 10~ 5 
is now obtained with m = 3.8 • 10 15 GeV, keeping k = A = 3 • 10 -2 and (3 — 0.1 as in global 
SUSY. In this case, a c ~ 2.7 • 10 16 GeV, a f ~ 1.8 • 10 17 GeV and a Q ~ 1.6 • 10 18 GeV. Also, 
M ~ 2.6 • 10 16 GeV, N Q ~ 57.5 and n ~ 0.99. 
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Chapter 6 



Semi-shifted hybrid inflation with 
B — L cosmic strings 

6.1 Introduction 

As we have seen, one of the most promising models for inflation is, undoubtedly, hybrid inflation, 
which is naturally realized within SUSY GUT models. In the standard realization of SUSY hybrid 
inflation, the spontaneous breaking of the GUT gauge symmetry takes place at the end of inflation 
and, thus, superheavy magnetic monopoles |47j are copiously produced if they are predicted by this 
symmetry breaking. In this case, a cosmological catastrophe is encountered. In order to avoid this 
disaster, one can employ the smooth or shifted variants of SUSY hybrid inflation (see Chap. [3]). In 
these inflationary scenarios, which, in their original realization, are based on non-renormalizable 
superpotential terms, the GUT gauge symmetry is broken to the SM gauge group already during 
inflation and, thus, no magnetic monopoles are produced at the termination of inflation. A new 
version of the shifted inflationary scheme can be implemented, as we saw in Chap. with only 
renormalizable superpotential terms, within the extended SUSY PS model introduced in Chap. HJ 

Fitting the three-year data of the Wilkinson microwave anisotropy probe (WMAP) satellite 
with the standard power-law cosmological model with cold dark matter and a cosmological constant 
(ACDM), one obtains [IT] values of the spectral index n s which are clearly lower than unity. 
However, in supergravity with canonical Kahler potential, the above hybrid inflation models yield 
|20j n s 's which are very close to unity or even larger than it, although their running is negligible. 
This discrepancy may be resolved [El [HJ EE] by including non-minimal terms in the Kahler 
potential. Alternatively, if we wish to stick to minimal SUGRA, we can reduce [H] the spectral 
index predicted by the hybrid inflationary models by restricting the number of e-foldings suffered 
by our present horizon scale during the hybrid inflation which generates the observed curvature 
perturbations. The additional number of e-foldings required for solving the horizon and flatness 
problems of standard hot big bang cosmology can be provided by a subsequent second stage of 
inflation. In Chap. [HI we will show that the same extended SUSY PS model can lead to a two- 
stage inflationary scenario yielding acceptable n s 's in minimal SUGRA. The first stage of inflation, 
during which the cosmological scales exit the horizon, is of the standard hybrid type, while the 
second stage, which provides the additional e-foldings, is of the smooth hybrid type. 

In this chapter, we consider an alternative inflationary scenario [50| which incorporates cosmic 
strings [H] (for a textbook presentation or a review, see e.g. [12]) and can also be naturally realized 
within the same extended SUSY PS model with only renormalizable superpotential terms. As 
shown in Chap. [5j this model possesses a shifted classically flat direction along which U(1)b-l is 
unbroken. In order to distinguish it from the new shifted flat direction on which Gps is broken to 
Gsm, we call this flat direction "semi-shifted" . This direction acquires, as usual, a logarithmic slope 
from one-loop radiative corrections which are due to the SUSY breaking caused by the non-zero 
potential energy density on it. So, it can perfectly well be used as an inflationary path along which 
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semi-shifted hybrid inflation takes place. When the system crosses the critical point at which this 
path is destabilized, a waterfall regime occurs during which the U(1)b-l gauge symmetry breaks 
spontaneously and local cosmic strings are produced. The resulting string network can then 
contribute to the primordial curvature perturbations. 

It has been argued that in the presence of a small contribution to the curvature perturbation 
from cosmic strings, the current cosmic microwave background data can allow values of the spectral 
index that are larger than the ones obtained in the absence of strings. Therefore, we may hope 
that the semi-shifted hybrid inflationary scenario, which does involve cosmic strings, can be made 
compatible with the CMBR data, even without the use of non-minimal terms in the Kahlcr 
potential or a subsequent complementary stage of inflation. Recently, a fit to the CMBR data 
and the luminous red galaxy data in the Sloan digital sky survey (SDSS) [H] on large length 
scales outside the non-linear regime was performed |55j by using field-theory simulations [56] of 
a dynamical network of local cosmic strings. It demonstrated that the Harrison-Zeldovich (HZ) 
model (i.e. with n s = 1) with a fractional contribution /io — 0.10 from cosmic strings to the 
temperature power spectrum at multipole I = 10, is even moderately favored over the standard 
power-law model without strings. For the power-law ACDM cosmological model with cosmic 
strings this fit yields n s — 0.94 — 1.06 and /io = 0.02 — 0.18 at 95% confidence level (c.L). As we 
will see, under these circumstances the semi-shifted hybrid inflation model in minimal SUGRA 
can easily be compatible with the data. Note that there is obviously no formation of PS magnetic 
monopoles at the end of the semi-shifted hybrid inflation and, thus, the corresponding cosmological 
catastrophe is avoided. 

6.2 Semi-shifted hybrid inflation in global SUSY 

We consider the extended SUSY PS model described in Chap. QJ which can lead to a moderate 
violation of the asymptotic Yukawa unification so that, for fi > 0, an acceptable 6-quark mass is 
obtained even with universal boundary conditions. The breaking of Gps to Gsm is achieved by 
the superheavy VEVs of the right handed neutrino type components of a conjugate pair of Higgs 
superfields H c and H c belonging to the (4, 1, 2) and (4, 1, 2) representations of Gps respectively. 
The model also contains a gauge singlet S and a conjugate pair of superfields 0, 4> belonging 
to the (15, 1,3) representation of Gps- The superfield (f> acquires a VEV which breaks Gps to 
Gsm x U(1)b-l- In addition to Gps, the model possesses a Zi matter parity symmetry and 
two global U(l) symmetries, namely a Peccei-Quinn and a R symmetry. Such continuous global 
symmetries can effectively arise |57j from the rich discrete symmetry groups encountered in many 
compactified string theories (see e.g. [SB]). As we have seen in Chap. this model can lead to 
new shifted hybrid inflation based solely on renormalizable interactions. 

The superpotential terms which are relevant for inflation are given in Eq. (|5.1[) . These terms, 
with a different (more convenient for our purposes here) choice of basic parameters and their 
phases, can be rewritten as 

W = kS{M 2 - cf> 2 ) - -ySH c H c + m# - \4>H C H C , (6.1) 

where M, m are superheavy masses of the order of the SUSY GUT scale Mqut — 2.86 • 10 16 GeV 
and k, 7, A are dimensionless coupling constants. These parameters are normalized so that they 
correspond to the couplings between the SM singlet components of the superfields. In a general 
superpotential of the type in Eq. (|6.ip . M , m and any two of the three dimensionless parameters k, 
7, A can always be made real and positive by appropriately redefining the phases of the superfields. 
The third dimensionless parameter, however, remains generally complex. For definiteness, we will 
choose here this parameter to be real and positive too. One can show that the superpotential in 
Eq. (|5.ip with the particular choice of the phases of its parameters considered there, can become 
equivalent to the superpotential in Eq. (|6.ip provided that two of its real and positive parameters 
are rotated to the negative real axis. Actually, the form of the superpotential in Eq. (|6.1II can be 
derived from the one in Eq. (|5.ip by the replacement: k — * —7, A — * —A, j3 — > k, M 2 — » (k/j)M 2 . 
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The F-term scalar potential obtained from the superpotential W in Eq. (|6.1|) is given by 



V = \K(M 2 -(j) 2 )-"{H c H c \ 2 + \m<j)-2KS<l)\ 2 + \m<j)-\H c H c \ 2 + \ 1 S+\<j) \ 2 (\H C \ 2 + \H C \ 2 ) , (6.2) 

where the complex scalar fields which belong to the SM singlet components of the superfields are 
denoted by the same symbol. We will ignore throughout the soft SUSY breaking terms [53] in the 
scalar potential since their effect on inflationary dynamics is negligible in our case as in the case 
of the conventional realization of shifted hybrid inflation. 

From Eq. (|6.2|) and the vanishing of the D-terms (which implies that H c * — e l0 H c ), we find 
601 that there exist two distinct continua of SUSY vacua: 



H c * = H c , \H C \ = ,/^± (9 = 0), (6.3) 



H^ = -H c , \H C \=\—^ (0 = 7r)j (6.4) 



with <h = S = 0, where 



7771 / / 4k 2 A 2 M 2 



^ = _,-l ±A /l + __ . (6.5) 



It has been shown in Chap. [5] (see also [SD]) that the potential in Eq. (|6.2p generally possesses 
three flat directions. The first one is the usual trivial flat direction at <fr = <fi = H c = H c = with 
V = Kr = k 2 M 4 . The second one, which appears at 

jm - 7 _ K 7 (A-f 2 - 2 ) + \m<j) 

2k\ A 7^ + \ z 

"=<^^(*' ! +S) 2 - ("> 

exists only for 7^0 and is the trajectory for the new shifted hybrid inflation. Along this direction, 
Gps is broken to Gsm- The third flat direction exists only if M 2 = M 2 — m 2 /2k 2 > and lies at 

4> = ±M, 0=^5, H c = H c = 0. (6.8) 

777 

It is a "semi-shifted" flat direction (in the sense that, although the field <fi is shifted from zero, the 
fields H c , H c remain zero on it) with 

V = V ssh = K 2 (M i -M 4 ). (6.9) 

Along this direction Gps is broken to Gsm x U(1)b-l- 

In our subsequent discussion, we will concentrate on the case where M 2 > 0. It is interesting 
to note that, in this case, the trivial flat direction is unstable [HD] as it is a path of saddle points of 
the potential. Moreover, for M 2 > 0, we always have V^ s h < U ns h- It is, thus, more likely that the 
system will eventually settle down on the semi-shifted rather than the new shifted flat direction. 
Semi-shifted hybrid inflation can then take place as the system slowly rolls down the semi-shifted 
path driven by its logarithmic slope provided by one-loop radiative corrections, which are due to 
the SUSY breaking by the non-vanishing potential energy density on this path. As the system 
crosses the critical point of the semi-shifted path, the U(1)b-l gauge symmetry breaks, generating 
a network of local cosmic strings, which contribute a small amount to the CMBR temperature 
power spectrum. As mentioned, for models with local cosmic strings, it has been shown in [55j 
that, at 95% c.L, n s = 0.94 - 1.06 and f 10 = 0.02 - 0.18. 



45 



6.3 One-loop radiative corrections 



The one-loop radiative correction to the potential on the semi-shifted path is calculated by the 
Coleman- Weinberg formula: 

Ay =6S?E(- 1 W J »^. (6.10) 

i 

where the sum extends over all helicity states i, Fj, and M 2 are the fermion number and mass 
squared of the ith state and A is a renormalization mass scale. In order to use this formula for 
creating a logarithmic slope in the inflationary potential, one has first to derive the mass spectrum 
of the model on the semi-shifted path. 

As mentioned, during semi-shifted hybrid inflation, the SM singlet components of <f>, </> acquire 
non- vanishing values and break Gps to Gsm x U(1)b-l- The value of the complex scalar field S at 
a point of the semi-shifted path is taken real by an appropriate R transformation. For simplicity, 
we use the same symbol S for this real value of the field as for the complex field in general since the 
distinction will be obvious from the context. The deviation of the complex scalar field S from its 
(real) value at a point of the inflationary path is denoted by 8S. We can further write <fi = v + S(f>, 
<fi = v + 8(f> with v = ±M, v = (2Kv/m) S and 8(f>, 8(f) being complex scalar fields. We can then 
define the canonically normalized complex scalar fields 

2Kv8S — m8(f> mSS + 2KvS(f> 

C= (TO 2 +4k 2 W 2 )1/2' C= ( TO 2 + 4^2)1/2- ) 

We find that e remains massless on the semi-shifted path. So, it corresponds to the complex 
scalar inflaton field E = (mS + 2nv(f>) / (m 2 + 4k 2 v 2 ) 1 / 2 , which during inflation takes the form 
E = (1 + 4K 2 u 2 /m 2 ) 1 / 2 S'. Consequently, in our case, the real canonically normalized inflaton is 

<t = 2 1 / 2 (1 + 4kV/to 2 ) 1 / 2 S, (6.12) 

where S is obviously rotated to be real. 

Expanding the complex scalars £, 8<f>, H c and H c in real and imaginary parts according to the 
prescription \ — (xi + ix2)/V2, we find that the mass-squared matrices M 2 of (i, 6(f>i, M 2 of (2, 
(502, Ml of HI, HI and M| of iJ 2 c , iJ 2 c are given by 

» f2 if 1 + a 2 s(l + a 2 ) 1 / 2 \ . . 

M ± =m [ S (l + a 2 )V 2 l + a 2 + ,s 2 ±l J' ( 6 ' 13 ) 

^ = - 2 ( S ^ 2 s 2 6 2 )' ^ 14 ) 

where a — 2nv/m, b = (7 + \a)/2n and s = 2nS/m. Note that the eigenvalues of the matrices 
M± are always positive. Though, this is not the case with M 2 2 . Specifically, one of the two 
eigenvalues of each of these matrices is always positive while the other one becomes negative for 
\s\ < s c = 1/ \f\b\ (we assume that b ^ 0). This defines the critical point on the semi-shifted path 
at which this path is destabilized (see below). 

The superpotential in Eq. (|6.ip gives rise to mass terms between the fermionic partners of £, 
8<f> and H c , H° (the fermionic partner of e remains massless). The squares of the corresponding 
mass matrices are found to be 

M ° =m [ S (l + aY/ 2 l + a 2 + s 2 J' (6 ' 15) 
Ml = m 2 ( S ^ s2 ° 62 ). (6.16) 
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This completes the analysis of the SM singlet sector of the model. In summary, we found four 
groups of two real scalars with mass-squared matrices Ml, Ml, Mf and Mf and two groups of 
two Weyl fermions with mass matrices squared Mg and Mq. The contribution of the SM singlet 
sector to the radiative corrections to the potential along the semi-shifted path is given by 



AV 
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64tt 2 



Tr <^ Ml In 



Ml 
A 2 " 



M In ■ 



Ml 
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M 2 

2M 4 ln^ 
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A 2 " 



2M£m§ 



(6.17) 

We now turn to the u c , u c type fields which are color antitriplets with charge —2/3 and color- 
triplets with charge 2/3 respectively. Such fields exist in H c , H c , 4> and <t> and we shall denote 



them by u c H , u c H , u 



0) 



i% and u c j. The relevant expansion of </> is given in Eq. (15.221) . 



In the bosonic u c , u c type sector, we find that the mass-squared matrices M 2 ± of the complex 
scalar fields tt£ ± = (u^ ± u^*)/-^, for \ = H,cj>, cf>, are 
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(6.18) 
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(6.19) 



where c = (7 — Aa/3)/2«; and p 2 = g a /3k 2 with g being the Gps gauge coupling constant. Note 
that p 2 parameterizes contributions arising from the D-terms of the scalar potential and M 2 + has 
one zero eigenvalue corresponding to the Goldstone boson which is absorbed by the superhiggs 
mechanism. Furthermore, one of the eigenvalues m 2 {c 2 s 2 =F c) of the matrices in Eqs. (|6.18|) 
and (|6.19[) (depending on the sign of c) becomes negative as soon as s crosses below the point 
Sc 1 ** = 1/ \/\c\ ° n the semi-shifted path. So, if si 1 " 1 was larger than the critical value s c , the system 
would be destabilized first in one of the directions u c H± . In this case, a SU(3) c -breaking VEV 

would develop. To avoid this, we should demand that is located lower than the critical point 
s c , so that, after the end of inflation, the correct symmetry breaking is obtained. This gives the 
condition |6| < |c|, which we will consider later. 

In the fermionic u c , u c type sector, we obtain four Dirac fermions (per color): — ipufa +'0s^ f > 
^u" = ^ c + ^u" > ^u"- = V^- + V'ik an d —i^ D = + A~ c ). Here, ip x is the fermionic partner 

of the complex scalar field x an d X ± = (A 1 ± i\ 2 )/V2, where A 1 (A 2 ) is the gaugino color triplet 
corresponding to the SU(4) C generators with 1/2 (—i/2) in the «4 and 1/2 (i/2) in the Ai entry 
(i = 1, 2, 3). The fermionic mass matrix is 
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(6.20) 



To complete this sector, we must also include the gauge bosons A 12 which are associated with 
A 1,2 . They acquire a mass squared M 2 = m 2 p 2 (l + s 2 ). 

The overall contribution of the u c , u c type sector to AV in Eq. (I6.10| is 
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(6.21) 



We will now discuss the contribution from the e c , e c type sector consisting of color singlets 
with charge 1, —1. Such fields exist in H c , H c , (j> and 4> and we shall denote them by e c H , e c H , 
e :, e%, e -; and e^. The relevant expansion of <f) is given in Eq. (|5.27|) . It turns out that the mass 
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terms in this sector are exactly the same as in the u c , u c type sector with A/3 replaced by A and 
2<? 2 /3 by g 2 . So, we will only summarize the results. 

In the bosonic e c , e c type sector, the mass-squared matrices M 2 ± of the complex scalars 



"x± 



{e c ± e**)/V2, for x = H,cj), <j>, are 
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(6.22) 



(6.23) 



where d — (7 — \a)/2n and r s = p g . Note that, again, has one zero eigenvalue corre- 

sponding to the Goldstone boson which is absorbed by the superhiggs mechanism. Furthermore, 
one of the eigenvalues m 2 (d 2 s 2 =F d) of the matrices in Eqs. (|6.22|) and (|6.23|) (depending on the 

„( 2 ) 



sign of d) becomes negative as s crosses below s c =1/ y |d| on the semi-shifted path. Therefore, 



we must impose the constraint s 



(2) 



< S c 



\b\ < \d\ for the same reason explained above. 



In the fermionic e c , e c type sector, we obtain four Dirac fermions with mass matrix 
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(6.24) 



Finally, we again obtain two gauge bosons with mass squared M 2 = m t 2 (1 + s ) 
The overall contribution of the e c , e c type sector to AV in Eq. (|6.10ll is 
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(6.25) 



Let us now consider the d c , d c type sector consisting of color antitriplets with charge 1/3 and 
color triplets with charge —1/3. Such fields exist in H c , H c , (j> and 4> and we denote them by d c H , 
d c Hl d^, d^, d c ^ and d c ^. The field <fi can be expanded in terms of these fields as in Eq. (|5.32p . 

In the bosonic d c , d c type sector, the mass-squared matrices M 2 ± of the complex scalars 
d< ± = ± d c * )/V2, for X = H, <t>, 4>, are 



M 2 d± 



m 



e 2 s 2 =F e 





s 2 Tl 



(6.26) 



1 



where e = (7 + Ao/3)/2k. Note that, again, one of the eigenvalues ro 2 (e 2 s 2 =F e) of these matrices 
(depending on the sign of e) becomes negative as s crosses below s c = l/vl e l on * ne sem i- 

(3) 

shifted path and we, thus, have to impose the constraint Sc < s c \b\ < |e|, so that the correct 
symmetry breaking pattern occurs at the end of inflation. 

In the fermionic d c , d c type sector, we obtain three Dirac fermions (per color) with mass matrix 







(6.27) 



Note that there are no D-terms, gauge bosons, or gauginos in this sector. 
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The contribution of this sector to AV in Eq. (|6.10p is 



AV = 32^ Tr ( Mi + ln ■# + Mrf4 - ln " 2M ^ ln ) ■ (6 ' 28) 

Next, we consider the q c , q c type fields which are color antitriplets with charge —5/3 and color 
triplets with charge 5/3. They exist in 4>, <fi and we call them q^, q^, q^, q^. The relevant expansion 
of <f> can be found in Eq. (|5.36p . 

In the bosonic q c , q c type sector, the mass-squared matrices M 2 ± of the complex scalars 
q c x± = (q x ± q x *)/V2, for X = 4>A, ar e 



Mi=m 2 7 . (6.29) 



1 + s 2 =F 1 s 

In the fermionic q c , q c type sector, we obtain two Dirac fermions (per color) with mass matrix 

M* q = m ( ~ S (6.30) 

There are no D-terms, gauge bosons, or gauginos in this sector as well. 
The contribution of this sector to AV in Eq. (|6.10|) is 

3 f M 2 M 2 M 2 1 

AV= 32^ Tl { M «+ ln "# + <- ln S- - 2 < ln -V f ■ (6 - 31) 

Finally, in 0, there exist color octet, SU(2)r triplet superfields: </>g, <j)% , 0^, with charge 
0, 1, —1 as indicated. The relevant expansion of 4> is given in Eq. (|5.39|) . 

In the bosonic sector, we obtain two groups of 24 complex scalars, which can be combined in 
pairs of two with mass-squared matrix 

M| 8± =m 2 ( 1+ l 2 s Tl 7 S ). (6.32) 

In the fermionic sector, we find 48 Weyl fermions which can be combined in pairs of two with 
mass matrix 

' -s 1 



M^ s = m ^ j Q J . (6.33) 
The contribution of this sector to AV in Eq. (|6.10p is 

Av = ^^{ M i+ ln ^ + <- ln - 2M ^ S ln ^fr } ■ ( 6 - 34 ) 

The final overall AV is found by adding the contributions from the SM singlet sector in 
Eq. (|6.17[) . the u c , u c type sector in Eq. (|6.2ip . the e c , e c type sector in Eq. (|6.25p . the d c , d c type 
sector in Eq. (|6.28p . the q c , q c type sector in Eq. (|6.3ip and the color octet sector in Eq. (|6.34p . 
These one-loop radiative corrections are added to the tree-level potential V ss h yielding the effective 
potential along the semi-shifted inflationary path in global SUSY. They generate a slope on this 
path which is necessary for driving the system towards the vacuum. The overall l) Fi Mf is a- 

indcpcndent, which implies that the overall slope of the effective potential is A-independent. This 
is a crucial property of the model since otherwise observable quantities like the power spectrum 

1/2 

P K of the primordial curvature perturbation or the spectral index would depend on the scale A, 
which remains undetermined. 
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Let us now discuss the constraints < |6| < |c|, \d\, \e\ derived in the course of the calculation 
of the mass spectrum on the semi-shifted path. It is easy to show that these constraints require 
that v be in one of the ranges 

7m 7m 37m 

0>v> --f- or - -f- > v > --r-r- 6.35 
2k\ 2k\ 4kA v ' 

These two ranges of v lead, respectively, to the two different sets of SUSY vacua of Eqs. (|6.3|) and 
(|6.4p . To see this, let us replace all the fields in the scalar potential of Eq. (|6.2[) except H c 1 H c by 
their values on the semi-shifted path. Taking into account that H c * = e t9 H c from the vanishing 
of the D-terms we are left with only two free degrees of freedom, namely \H C \ and 9, and the 
potential becomes 

COS ti I ._, 2 \2 ,1 r;< ! 



V = V ssh + 2mV \S - — j \H C \' + (Y + \ Z )\H C \\ (6.36) 

It is obvious from this equation that, if b > 0, which is the case in the first range for v in Eq. (|6.35|) . 
the system will get destabilized towards the direction with cos 9 = 1 leading to the SUSY vacua 
in Eq. (|6.3|) . while, if b < 0, which holds in the second range for v in Eq. (|6.35|) . the system will 
be led to the SUSY vacua in Eq. ifCT) . 



6.4 Supergravity corrections 

We now turn to the discussion of the SUGRA corrections to the inflationary potential. The F-term 
scalar potential in SUGRA is given by (see Eq. (|2.44I0 



V 



,K/ml 



(6.37) 



with F" = ~(W l + WK l /ml), F. } = -{W* + W*K 3 /ml) and a raised (lowered) index i cor- 
responds to derivation with respect to Xi (x 1 *)- We will consider SUGRA with minimal Kahler 
potential and show that the results of the fit in Ref. can be naturally met. 
The minimal Kahler potential in the model under consideration has the form 
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(6.38) 



and the corresponding F-term scalar potential is 
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(6.39) 



where x stands for any of the five complex scalar fields appearing in Eq. (|6.38p . It is quite easily 
verified that, on the semi-shifted direction, this scalar potential expanded up to fourth order in 
\S\ takes the form (the SUGRA corrections to the location of the semi-shifted path are not taken 
into account since they are small) 
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(6.40) 



where V^ s h is the constant classical energy density on the semi-shifted path in the global SUSY 
case and a is the canonically normalized inflaton field defined in Eq. (|6.12|) . Thus, after including 
the SUGRA corrections with minimal Kahler potential, the effective potential during semi-shifted 
hybrid inflation becomes 
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(6.41) 



with AU representing the overall one-loop radiative correction calculated in Sec. 
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6.5 Inflationary observables 



The slow-roll parameters e, 77 and the parameter £ 2 , which enters the running of the spectral index, 
are given by (see Chap. [3] or Ref. [9]) 

where a prime denotes derivation with respect to the real canonically normalized inflaton field a 
defined in Eq. (|6.12|) . Here and in the subsequent formulas in Eqs. l6.43l and l6.44l V is the effective 
potential V^jf UGRA defined in Eq. 16.411 Inflation ends at 07 = maxjo^, cr c }, where a v > denotes 
the value of the inflaton field when 77 = — 1 and a c > is the critical value of a on the semi-shifted 
inflationary path corresponding to s c . 

The number of e-foldings from the time when the pivot scale fco = 0.002 Mpc" 1 crosses outside 
the inflationary horizon until the end of inflation is (see Eq. (|3.13|1 ) 

1 r Q Via) 



where <jq is the value of the inflaton field at horizon crossing of the scale fco. The inflation power 
spectrum F 
Eq. J3H) 



1 /2 

spectrum of the primordial curvature perturbation at the pivot scale k$ is given by (see 



(6.44) 

2ttV3 mlV'{a Q ) V ' 

The spectral index n s , the tensor to scalar ratio r and the running of the spectral index dn s /d\nk 
are written as (see Eq. ()3.15p ) 

n s ~ 1 + 277 - 6e, r ~ 16e, — ~ 16e77 - 24e 2 - 2£ 2 , (6.45) 

ctlnfc 

where e, 77 and ^ 2 are evaluated at a — erg. The number of e-foldings Nq required for solving the 
horizon and flatness problems of standard HBB cosmology is approximately given by (see e.g. [S]) 

w ^ 53 - 76 + I 1 °(i^) + ^<To4?)' (M6 » 

1 /4 

where Vq — is the inflationary scale and T r is the reheat temperature that is expected not to 
exceed about 10 9 GeV, which is the well-known gravitino bound [61]. In the following, we take T r 
to saturate the gravitino bound, i.e. T r = 10 9 GeV. 



6.6 String power spectrum 

As mentioned before, the spontaneous breaking of the U(1)b-l gauge symmetry at the end of 
the semi-shifted hybrid inflation leads to the formation of local cosmic strings. These strings can 
contribute a small amount to the CMBR power spectrum. Their contribution is parameterized 55j 
to a very good approximation by the dimensionless string tension G/i s , where G is the Newton's 
gravitational constant and fi s is the string tension, i.e. the energy per unit length of the string. 
In Rcfs. 55, 5S] local strings were considered within the Abelian Higgs model in the Bogomolnyi 
limit, i.e. with equal scalar and vector particle masses. If this was the case in our model, the 
string tension would be given by 

V s = 4n\(H c }\ 2 , (6.47) 

where (FF C ) is the VEV of FF C in the relevant SUSY vacuum and is responsible for the spontaneous 
breaking of the U(1)b-l gauge symmetry. However, as it turns out, the scalar to vector mass 
ratio in this model is somewhat smaller than unity. This is, though, not expected [62] to make 
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any appreciable qualitative difference. Also, the strings in our model do not coincide with the 
strings in the simple Abelian Higgs model due to the presence of the field 4>, which enters the 
string solution. We do not anticipate, however, that this will alter the picture in any essential 
way. Moreover, as one can show by using the results of Ref. [53] , charged fermionic transverse zero 
energy modes do not exist in the presence of our strings, which, thus, do not exhibit fermionic 
superconductivity. Therefore, we will apply the results of Refs. E3 ES| in this model and adopt 
the formula in Eq. (|6.47|) for the string tension. This is certainly an approximation, but we believe 
that it is adequate for our purposes here. In [55] , it was found that the best-fit value of the string 
tension required to normalize the WMAP temperature power spectrum at multipole £ = 10 is 

Gfi s = 2.04 • 10~ 6 . (6.48) 

This corresponds to f w = 1, which is, of course, unrealistically large. The actual value of /io is 
proportional to the actual value of (G/i s ) 2 . So, for any given value of /io, we can calculate fi s 
using its normalization in Eq. (|6.48|) . From Eq. (|6.47p . we can then determine |(-ff c )|- 



6.7 Numerical results 

We choose the value v of the field (j> on the semi-shifted path to lie in the first range for v in 
Eq. (|6.35[) . In particular, we take it to be in the middle of this range, i.e. 

v =-B- (6 - 49) 

This means, as we explained, that the universe will end up in the vacuum of Eq. (|6.3p . Similar 
results can be obtained if one chooses the value of v to be in the second range of Eq. (|6.35|) . In 
order to fully determine the five parameters of the model, we need to make another four choices. 
One of them is taken to be the ratio 7/2 A = 1. Later we will comment on the dependence of the 
results on variations of this ratio, which is anyway weak. Secondly, we require the inflationary 
power spectrum amplitude of the primordial curvature perturbation at the pivot scale ko to have 
its central value in the fit of Ref. E5] : 

P^ 2 ~ 4.47 • 10~ 5 . (6.50) 

Further, we take, as an example, /10 to be equal to 0.10, its central value [55] . This determines 
|(-ff c )| as discussed in Sec. 16.61 Finally, we calculate [50] numerically the spectral index for various 
values of the mass parameter m. The results are presented in Fig. 16.11 where m is restricted to be 
below 2.7 • 10 15 GeV, so that the spectral index remains within its 95% c.l. range. 

For m varying in the interval (0.5 — 2.7) • 10 15 GeV, which is depicted in Fig. 16.11 the ranges 
of the various parameters of the model are ED] : M ~ (0.6 - 3.5) • 10 15 GeV, 7 ~ 0.029 - 0.914, 
A ~ 0.0145 - 0.457, k ~ 0.73 - 0.67, a Q ~ (0.4 - 3.3) • 10 17 GeV, 07 ~ (1.8 - 5.3) • 10 16 GeV, 
N Q ~ 53.2 - 54.4, dn s /d\nk ~ -(0.1 - 3.1) • 10~ 6 , r ~ (0.001 - 4.5) • 10" 5 and the ratio 
(Tf/a c ~ 2.6 — 7.7. As one observes, we easily achieve spectral indices that are compatible with 
the fit of Ref. 55j . In particular, the best-fit value of the spectral index n s (= 1.00) is achieved for 
m ~ 1.40 • 10 15 GeV. However, indices lower than about 0.98 are not obtainable. Actually, as we 
lower m, the SUGRA corrections become less and less important and the spectral index decreases, 
tending to its value (ss 0.98) in global SUSY. In all cases, both the running of the spectral index 
and the tensor-to-scalar ratio are negligibly small. 

Note that our results turn out to be quite sensitive to small changes of A (and thus 7). This 
is due to the fact that the radiative correction to the inflationary potential contains logarithms 
with large positive as well as logarithms with large negative inclination with respect to a. If no 
cancellation is assumed between these two competing trends, one ends up with either a rather 
fast rolling of the inflaton (dominance of logarithms with large positive inclination) or a negative 
inclination of the effective potential for large values of a (dominance of logarithms with large 
negative inclination). In the latter case, after the inclusion of minimal SUGRA corrections, which 
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Figure 6.1: Spectral index in semi-shifted hybrid inflation as a function of the mass parameter m 
in minimal SUGRA for v = -jm/AnX, j/2X = 1 and f w = 0.10. 

lift the potential for a > mp , a local minimum and maximum will be generated on the inflationary 
path. This leads [T51 [5T] to complications and should, therefore, be avoided. It turns out that a 
cancellation to the third significant digit between the positive and negative contributions to the 
derivative of the effective potential is needed in order to avoid these complications and ensure that 
the slow-roll conditions for the inflaton are fulfilled. This can be achieved by a mild tuning of the 
parameter A to the third significant digit. So, the model entails a moderate tuning in one of its 
parameters in order to be cosmologically viable. Note, however, that this tuning needs only to 
be performed between the various contributions to the radiative correction and it is not spoiled 
by minimal SUGRA corrections. We should also mention that, in this model, at turns out to be 
much larger than a c and inflation terminates well before the system reaches the critical point of 
the semi-shifted path. This is again due to the presence in the inflationary potential of logarithms 
with large inclination. Finally, we find [50] that reducing the ratio 7/2 A generally leads to a slight 
increase of the spectral index. Though, this dependence is rather weak and that is why we have 
chosen to constrain this ratio to a constant value (instead of setting e.g. the ratio k/X — const.). 

We observe [5D] numerically that, varying fio within its 95% c.l. range 0.02 — 0.18, the value 
of n s changes only in the third decimal place. So, the curve in Fig. I6.1[ is practically independent 
of fw- We should, however, keep in mind that, for large values of m and low /10's, the constraint 
in Eq. (|6.50|) cannot be satisfied. Consequently, the curve in Fig. 16.11 applied to low values of /10 
terminates on the right at a value of m which, of course, depends on /10, but is, in any case, higher 
than about 2 ■ 10 15 GeV. 

We have seen that, in minimal SUGRA, the model develops a preference for values of m near 
1.4 • 10 15 GeV. On the other hand, for /10 = 0.10, the prediction for the value of m which is 
derived from gauge coupling constant unification is m ~ 2.085 • 10 15 GeV, as the reader may find 
out in Sec. 16.81 However, one can see that, for this value of m, the predicted spectral index is 
n s ~ 1.0254, which lies inside the 1 — a range for n s given by the fit in Ref. [SI] that we have been 
using here. 
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Figure 6.2: Gauge coupling constant unification for semi-shifted hybrid inflation in the case of 
minimal SUGRA for v = —-fin/AnX, j/2X = 1 and /io = 0.10. The parameter a represents the 
three running SM fine structure constants as indicated and Q is the running mass scale. 

6.8 Gauge unification 

We will now discuss the question of gauge coupling constant unification in the model. As already 
mentioned, the VEVs of the fields H c , H c break the PS gauge group Gps to Gsm, whereas the 
VEV of the field (j> breaks it only to Gsm x U(1)b-l- So, the gauge boson A 1 - corresponding 
to the linear combination of U(l)y and U(1)b-l which is perpendicular to U(l)y, acquires its 
mass squared m 2 A± = (5/2)g 2 \(H c }\ 2 solely from the VEVs of H c , H c . On the other hand, the 
masses squared m 2 A and of the color triplet, antitriplet (A ± ) and charged SU(2)r (W^ ) 

gauge bosons get contributions from (0) too. Namely, m 2 A = g 2 (\(H c }\ 2 + (4/3)|(</>)| 2 ) and ti 2 ^ = 
g 2 (\(H c )\ 2 + 2\((j))\ 2 ). Calculating the full mass spectrum of the model in the appropriate SUSY 
vacuum, one finds that there are fields acquiring mass of order m and others that acquire mass of 
order g\(H c )\. The presence of cosmic strings has forced the magnitude of the VEV of the fields 
H c , li c in the SUSY vacuum to be in the range (1.85 - 3.21) • 10 15 GeV (for / 10 = 0.02 - 0.18), 
which is about an order of magnitude below the SUSY GUT scale. Furthermore, for all the values 
of the parameters encountered here, the highest mass scale of the model in the SUSY vacuum is 
m^± = yJh/2g\{H c )\. So, we set this scale equal to the unification scale M x . From all the above, 
it is evident that the great desert hypothesis is not satisfied in this model and the simple SUSY 
unification of the gauge coupling constants is spoiled. 

One can easily see that, although there exist many fields with SU(3) C and U(l)y quantum 
numbers which can acquire heavy masses below the unification scale and, thus, affect the running 
of the corresponding gauge coupling constants, the only heavy fields with SU(2)l quantum numbers 
are h! and h' belonging to the (15, 2, 2) representation (see Chap. HJ. However, these fields affect 
equally the running of the U(l)y gauge coupling constant and, consequently, cannot help us much 
in achieving gauge unification. We, therefore, assume that their masses are close to M x so that 
they do not contribute to the renormalization group running. As a consequence of these facts, 
the SU(2)l gauge coupling constant fails to unify with the other gauge coupling constants. One 
is, thus, forced to consider the inclusion of some extra fields. There is a good choice [SU] using 
a single extra field, namely a superfield / belonging to the (15,3,1) representation. This field 
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Figure 6.3: Gauge coupling constant unification for semi-shifted hybrid inflation in the case of 
minimal SUGRA for v = — 7T7i/4«;A, j/2X = 1 and n s = 1. Same notation as in Fig. 16.21 

affects mainly the running of the SU(2)l gauge coupling constant. If we require that / has charge 
1/2 under the global U(l) R symmetry, then the only renormalizable superpotential term in which 
this field is allowed to participate is a mass term of the form ^ to// 2 . One can then tune the new 
mass parameter m/, along with the mass to, so as to achieve unification of the gauge coupling 
constants. In contrast to Ref. [H] (see also Chap. [5]), we will not include here the superpotential 
term <fi 2 (f) allowed by the symmetries of the model since, as it turns out, it is not so useful in the 
present case. So, we assume that the corresponding coupling constant is negligible. 

We have implemented [SU] a code that is built on top of the SDFTSUSY code of Ref. [55] 
and performs the running of the gauge coupling constants at two loops. We have incorporated 
six mass thresholds below the unification scale M x , namely to/, to, [to 2 + (4/3)A 2 |(i? c )| 2 ] 1 / 2 , 
[TO 2 + 2A 2 |(i/ c )| 2 ] 1 / 2 , 5 [|(i/ c )| 2 + (4/3)|(</))| 2 ] 1 / 2 and 5 [|( J ff c )| 2 + 2|(0)| 2 ] 1 /2. i n Fig. E21 we present 
the unification of the SM gauge coupling constants in the fio = 0.10 case. We deduce that gauge 
unification is achieved for to/ ~ 1.69 • 10 15 GeV and m ~ 2.085 • 10 15 GeV with the values of the 
other parameters of the model being n s ~ 1.0254, M ~ 2.53 • 10 15 GeV, 7 ~ 0.515, A ~ 0.2575, 
k ~ 0.713, <jq ~ 2.5 • 10 17 GeV, 07 ~ 4.5 • 10 16 GeV, N Q ~ 54.2, dnj/dlnk ~ -0.8 • 10" 6 , 
r ~ 1.5 • 10~ 5 and the ratio <7//<r c ~ 6.5. The GUT gauge coupling constant turns out to be 
g ~ 0.789 and the unification scale M x ~ 3.45 • 10 15 GeV. In the HZ case (i.e. for n s — 1), 
gauge unification is achieved for to/ ~ 1.025 • 10 15 GeV and to ~ 1.40 • 10 15 GeV (see Fig. 16. 3|l . 
which corresponds to f 10 ~ 0.039, M ~ 1.68 • 10 15 GeV, 7 ~ 0.367, A ~ 0.1835, k ~ 0.721, 
&q ~ 1.5 • 10 17 GeV, a s ~ 3.4 • 10 16 GeV, N Q ~ 53.9, dn s /d\nk ~ -0.2 • 10" 6 , r ~ 0.3 • 10~ 5 , 
(Tf/a c ~ 6.3, g ~ 0.823 and M x ~ 2.865 • 10 15 GeV. Note that the unification scale M x turns out 
to be somewhat small. This fact, however, does not lead to unacceptably fast proton decay since 
the relevant diagrams are suppressed by large factors (for details, see Ref. [T9"]). 
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Chapter 7 

New Smooth Hybrid Inflation 



7.1 Introduction 

It has been shown in Chap. [5] that shifted hybrid inflation can be realized within the SUSY 
PS model even without invoking any non-renormalizable superpotential terms, provided that we 
supplement the model with some extra Higgs superfields. Moreover, as we saw in Chap.0 the same 
extended SUSY PS model also incorporates an alternative, "semi-shifted" inflationary scenario, in 
which the U(1)b-l gauge symmetry remains unbroken during inflation and it breaks immediately 
after it, leading to a network of local cosmic strings that can contribute a small amount to the 
primordial curvature perturbations. This extension of the SUSY PS model, described in Chap. 2J 
was actually introduced [22] for a very different reason. It is well known that in SUSY models 
with exact Yukawa unification (or with large tan/3 in general), such as the simplest SUSY PS 
model, and universal boundary conditions, the 6-quark mass rrib receives large SUSY corrections, 
which, for fx > 0, lead to unacceptably large values of rrib- Therefore, Yukawa unification must 
be (moderately) violated so that, for fi > 0, the predicted bottom quark mass resides within 
the experimentally allowed range even with universal boundary conditions. This requirement 
has forced [35] the extension of the superfield content of this model by including, among other 
superfields, an extra pair of SU(4) C non-singlet SU(2)l doublets, which naturally develop [HI] 
subdominant vacuum expectation values and mix with the main electroweak doublets of the model 
leading to a moderate violation of Yukawa unification. It is remarkable that the resulting extended 
SUSY PS model automatically and naturally leads to the aforementioned new versions of shifted 
hybrid inflation based solely on renormalizable superpotential terms. 

In this chapter, we will show that the same extension of the SUSY PS model can lead [SO] 
to a new version of smooth hybrid inflation based only on renormalizable superpotential terms, 
provided that a particular parameter of its superpotential is adequately small. Indeed, the scalar 
potential of the model, for a wide range of its other parameters, possesses [SD] a valley of minima 
which has an inclination already at the classical level and can be used as inflationary path leading 
to a novel realization of smooth hybrid inflation. This scenario is referred to as "new smooth" 
hybrid inflation. The predictions of this inflationary model can be easily made compatible with 
CMBR measurements for natural values of the parameters of the model. In particular, in global 
SUSY, the spectral index turns out to be adequately small so that it is consistent with the fitting 
of the WMAP3 data [TT] by the standard power-law cosmological model with cold dark matter 
and a cosmological constant (ACDM). Finally, as in the "conventional" realization of smooth 
hybrid inflation, Gps is already broken to Gsm during new smooth hybrid inflation and, thus, no 
topological defects are formed at the end of inflation. 

The inclusion of SUGRA corrections with minimal Kahler potential raises the spectral index 
above the allowed range as in standard and shifted hybrid inflation for relatively large values of 
the relevant dimcnsionless coupling constant and in smooth hybrid inflation for GUT breaking 
scale close to its SUSY value (see Ref. [20] )■ However, the introduction of a non-minimal term 
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in the Kahler potential with appropriately chosen sign can help to reduce the spectral index so 
that it becomes compatible with the data (compare with Refs. [H2 ETJ [66] ) • This can be achieved 
with the potential remaining a monotonically increasing function of the inflaton field everywhere 
on the inflationary path. So, complications |15U21j from the appearance of a local maximum and 
minimum of the potential on the inflationary path when such a non-minimal Kahler potential is 
used, are avoided. One possible complication is that the system gets trapped near the minimum of 
the inflationary potential and, consequently, no hybrid inflation takes place. Another complication 
is that, even if hybrid inflation of the so-called hilltop type [48] occurs with the inflaton rolling 
from the region of the maximum down to smaller values, the spectral index can become compatible 
with the data only at the cost of a mild tuning of the initial conditions (see Ref. [6"?]). 

7.2 New smooth hybrid inflation in global SUSY 

We consider the extended SUSY PS model of Chap.|3]as our starting point. As already mentioned, 
this extended SUSY PS model leads to two new versions of shifted hybrid inflation, called "new 
shifted" and "semi-shifted" hybrid inflation, which are based solely on renormalizable interactions. 
The superpotential terms which are relevant for these inflationary scenarios have been given in 
Eqs. ()5.1|) and (|6.1|) respectively. They both represent the same superpotential with different 
choices of the phases of its coupling constants. Here we will use the version of Eq. (|6.1[) . which 
reads 

W = kS(M 2 - 4> 2 ) - ~fSH c H c + m# - \4>H C H C , (7.1) 

where M, m > are superheavy masses of the order of Mqut and re, 7, A > are dimensionless 
coupling constants. These parameters are normalized so that they correspond to the couplings 
between the SM singlet components of the superfields. As we have mentioned previously, in a 
general superpotential of the type of Eq. (|7.1[) . M, m and any two of the three dimensionless 
parameters re, 7, A can always be made real and positive by appropriately redefining the phases 
of the superfields. The third dimensionless parameter, however, remains generally complex. For 
definiteness, we have chosen here this parameter to be real and positive too. 

In this chapter, we will show that the specific superpotential of Eq. (|7.1|) leads to a new version 
of smooth hybrid inflation (see Sec. I3.4[) provided that the parameter 7 is taken to be adequately 
small. We will first examine the case with 7 set equal to zero and then we will move on to allow 
a small, but non-zero, value for this parameter. Note that one could get rid of the 7-term in the 
superpotential entirely by introducing an extra Z2 symmetry under which H c , (f> and <fi change 
sign. However, this would disallow the solution of the 6-quark mass problem and, thus, invalidate 
the original motivation for introducing this extended SUSY PS model. This is due to the fact 
that the superpotential term which generates the crucial mixing between the SU(4) C singlet and 
non-singlet SU(2)l doublets (see Chap. H]) is forbidden by this discrete symmetry. Needless to say 
that, for 7 = 0, all the choices for the phases of the parameters in Eq. (|7.1j) are equivalent. 

The 7 = case 

Setting 7 = 0, the F-term scalar potential obtained from W is given by 

V = re 2 |M 2 - (f> 2 \ 2 + \m4 - 2reS0| 2 + |m</> - XH C H C \ 2 + A 2 |0| 2 (\H C \ 2 + \H C \ 2 ) , (7.2) 

where the complex scalar fields which belong to the SM singlet components of the superfields are 
denoted by the same symbol. We will ignore throughout the soft SUSY breaking terms [55] in the 
scalar potential since their effect on inflationary dynamics is negligible in our case as in the case 
of the conventional realization of smooth hybrid inflation (see Ref. 21 ). 
From the potential in Eq. (|7.2|) . we find that the SUSY vacua lie at 

= 5 = 0, 2 =Af 2 , H c H c = ^cj). (7.3) 
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The vanishing of the D-terms yields H c * — e l9 H c , which implies that we have four distinct vacua: 



M. U- = ir = ±J^ (9 = 0), (7.4) 



6 = -M, H c =-H c = ±^/-^- (6 = ir) (7.5) 

with <p = S = 0. Here, for simplicity, H°, H c have been rotated to the real axis by an appropriate 
gauge transformation. However, we should keep in mind that the fields H c , ±H C * (the plus or 
minus sign corresponds to = or 7r respectively) can have an arbitrary common phase in the 
vacuum and, thus, the two distinct vacua in Eq. (|7.4p or (|7.5p are not, in reality, discrete, but rather 
belong to a continuous S 1 vacuum submanifold. Note that the vacua in Eq. (|7.4|) are related to 
the ones in Eq. (|7.5p by the Zi symmetry mentioned above. As we will see later, the specific point 
of the vacuum manifold towards which the system is heading is already chosen during inflation. 
So the model does not encounter any topological defect problem. Actually, there is no production 
of topological defects at all. 

It is not very hard to show that, at any possible minimum of the potential, e = or 7r and 
e = e = —9, where e and e are the phases of <p and <fi respectively (S can be made real by an 
appropriate global U(l) R transformation). This remains true even at the minima of V with 
respect to <fi, <j>, H c and H c for fixed S. So, we will restrict ourselves to these values of 9 and 
phases of cj) and 4>. The scalar potential then takes the form 

K lin = n 2 (|0| 2 - M 2 ) 2 + (2k\SM - m|0|) 2 + (m\4>\ - \\H c \ 2 f + 2X 2 \^\ 2 \H C \ 2 . (7.6) 
The derivatives of this potential with respect to the norms of the fields are 

<9Vmin 



d\S\ 



4«(2«|5|H-mH)H, (7.7) 



r)V ■ 

= 4 K 2 (\cf>\ 2 ~M 2 )\4\+4 K (2 K \S\\<j ) \~ m \t\)\S\ + 2 m ( m \ ( f ) \~\\H c \ 2 ), (7.8) 



B\4>\ 



2m {2k\S\\4>\ - m\4>\) + 4A 2 |0||iT| 2 , (7.9) 



r)V ■ 

^ = -4A(mH-A|Iff -A|0| 2 )|iT|. (7.10) 

The potential V m i n possesses two flat directions. The first one is the trivial flat direction at 
\c/)\ = \4>\ = \H C \ = with V = V tr = k 2 M 4 . The second one exists only if M 2 = M 2 - m 2 /2k 2 > 
and is the semi-shifted fiat direction (see Sec. 16^21), located at 



9kM 

\4>\=M, = \S\, \H C \ = 0, (7.11) 

m 

where M = (M 2 — m 2 /2k 2 ) 1 / 2 , with V = n 2 (M 4 — M 4 ). The mass-squared matrix of the variables 
\(j>\, \(j)\ and \H C \ on the trivial flat direction is 



/ 

4k 2 (2\S\ 2 - M 2 ) 

-AKm\S\ 

\ o o 






°) 


4«;m|iS'| 
2m 2 











o J 



(7.12) 



If Mmx denotes the \(f>\ sector of this matrix, then 

Det{M^} = -8k 2 to 2 M 2 , Tt{M^} = Ak 2 (2\S\ 2 ~ M 2 ) + 2m 2 . (7.13) 

So, the matrix has one positive and one negative eigenvalue for M 2 > and two positive 
eigenvalues for M 2 < 0. In the former case, the trivial flat direction is a path of saddle points 
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and the semi-shifted flat direction is an honest candidate for the inflationary path. However, in 
this chapter we will concentrate on the latter case and set jl 2 = —M 2 > 0. Note that, even in this 
case, the trivial flat direction may not be a valley of local minima because of the existence of the 
zero eigenvalue of the full mass-squared matrix in Eq. (|7.12[) associated with the field \H C \. It is 
perfectly conceivable that, starting from any point on the trivial flat direction, there exist paths 
along which the potential decreases as we move away from this flat direction (at least initially). 
Actually, as we will show below, this happens to be the case here. 

To examine the stability of the trivial flat direction, we consider a point on it and try to 
see whether, starting from this point, one can construct paths in the (|i? c |, \<j>\, \4>\) space along 
which the potential in Eq. (|7.6[) has a local maximum at the point on the trivial flat direction. In 
particular, we will try to find the path of steepest descent. Throughout the analysis, |5| will be 
considered as a fixed parameter characterizing the chosen point on the trivial flat direction rather 
than as a dynamical variable. Setting \H C \ — \, \(f>\ — ip and \<j)\ — ui, we can parameterize any 
path in the field space as (x, ip{x)i w (x))- We see, from the form of the matrix in Eq. J7.12|) . that 
the required paths must be tangential to the \H C \ direction at their origin (because, for jl 2 > 0, 
displacement along the \(j>\ or \<p\ direction enhances the potential locally). Thus, the required 
initial conditions for these paths are (the prime here denotes derivation with respect to x) 

x = 0, V(0) = w(0) = 0, ^'(0) =w'(0) = 0. (7.14) 
The potential V^nm on such a path can be written as 

F{X) = f {XMMX)) , (7.15) 
where f{x,ip,w) = Vmiii(x, ip, u>). It is then obvious that F'(0) is zero by construction since 

(W min ) = 0, (7.16) 

where the subscript denotes the value at x — i 3 — u — 0- Thus, the initial point of the path 
is a critical point of F(x) (as it should). Moreover, it is easily verified, using Eqs. (|7.12|) . (|7.14p 
and (|7.16p . that F"(Q) = 0, which means that we cannot decide on the stability of the trivial 
flat direction merely from the mass-squared matrix in Eq. (|7.12p . Therefore, higher derivatives of 
F(x) must be considered. We find that F"'(0) = and 

F""(0) = a + C< + + WM) ( I t)(t%) (7 - 17) 
with V^o = 4>"(Q), aft = and 

= 24A 2 , 



d 4 f 
d X 4 



(i 



6 I ®S , 1 : -24A///. 



dx 2 dip 

d 3 f 
dx 2 duj 

&l 
dip 2 

duj 2 
( d 2 f 
\dipduj 



n 



= 0, 

12k 2 (jl 2 + 2\S\ 2 ), 
6m 2 , 

= -l2 K m\S\, 



where Eqs. (|7.6p . (|7.14p and (|7.16p were used. Note that the 2x2 matrix in the last term of the 
right hand side of Eq. (|7.17p is just SM^, which is positive definite for jl 2 > (see the discussion 
following Eq. (ffT^ ). 
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By applying the transformation 



IpQ = + <^0> w = + fc o. ( 7 - 18 ) 
one can show that Eq. (|7.17p can be brought into the form 

(°) = ^— + (^o.K)^ c 6 J( ^ J. (7-19) 



with 

The last term in the right hand side of Eq. (|7.19[) is a positive definite quadratic form in dtp' ' > — 4>' Q ' , 
fit^o > ~&o (the non-positive lower bounds originate from the fact that tpQ, uj' ' > 0, which in turn 
comes from Eq. (|7.14|) and the fact that ip, u> > by their definition). It is obvious then that there 
exist choices of SipQ, 6u>' ' which render Fq" negative. Thus, on the corresponding paths, F(x) has 
a local maximum at x — 0- We conclude that the trivial flat direction is a path of saddle points 
rather than a valley of local minima. The path of steepest decent corresponds to 6ipQ, 6ui' ' = 0, 
which minimizes Fq" . 

We have just seen that, for any fixed value of | | , V m i n has a local maximum on the trivial flat 
direction at \<p\ = |0| = \H € \ = 0. Moreover, V m - U1 — > oo as |0| 2 + |</>| 2 + \H C \ 2 — > oo. This means 
that, for each value of |S|, Vmin must have a non-trivial absolute minimum (where at least one of 
the fields \(f>\, \(f>\ and \H C \ has a non-zero value). These minima then form a valley, which may 
be used as inflationary trajectory. Actually, as we will show soon, this trajectory is not flat and 
resembles the path described in Sec. 13.41 for smooth hybrid inflation. We can find the valley of 
minima of V m i n by minimizing this potential with respect to \<j)\, \<j>\ and |-ff c |, regarding \S\ as a 
fixed parameter. This amounts to solving the system of equations that is formed by equating the 
partial derivatives in Eqs. ()7.8|) - (l7.10j) with zero. We obtain three non- linear equations with three 
unknowns, which cannot be solved analytically. Though, as in the case of conventional smooth 
hybrid inflation (see Sec. l3.4p . we will try to find a solution in the large |5| limit. In particular, we 
will try to find a power series solution with respect to some parameter of the form "mass" /| 51 which 
remains smaller than unity throughout the entire range of IS] which is relevant for inflation. As it 
will become clear below, a convenient quantity for the "mass" in the numerator is v g = \J mM/X, 
which is just the VEV \(H C )\ at the SUSY minima of the potential. Re-expressing the system 
of equations by using the dimensionless variables x = \<j>\/M, y = \4>\j '^/2pv g , z = \H c \/v g and 
w = Vn /|S|, where p = \/2kM/ m is a dimensionless parameter, smaller than unity for fi 2 > 0, we 
obtain 

wx(x 2 — 1) + 4yz 2 + 2wy 2 = 0, X — wy — V2 — pwyz 2 , x — z 2 + 2p 2 y 2 . (7-21) 

K 

Writing the variables x, y and z 2 as power series in w and equating the coefficients of the corre- 
sponding powers of w in the two sides of Eqs. (|7.2ip . we get 

x = xiw 2 + X4U) 4 + . . . , y = yiw + ?/3iu 3 + . . . , z 2 = Z2W 2 + z^w 4 + . . . , (7.22) 

where the coefficients Xi, yi and Zi depend only on the parameter p and the ratio X/k and are 
given by 

X2 = yi = ^ (} ~ V 1 - 8 P 79) > Z2 = \(l-2x 2 ), (7.23) 

V2 X x 2 (l-2x 2 )(3-10x 2 ) l-4a; 2 l + 2(l-2p 2 )x 2 

Xi=-z-~p : 5 , 2/3 = ^ 77^ — Xi, z A = — Xi. 7.24 

8 k 1 — 6X2 3 — 10^2 3 — 10x2 

A useful approximation to these coefficients can be found by expanding them with respect to 
the small parameter p (see below). Thus, to first non-trivial order in p, we find the following 
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simple expressions: 



1 V2X V2 X 

X2=yi = z 2 = -, x A = z A = — -p, y 3 = —-p (7.25) 
6 27 k 108 k 




and Eqs. (j7.22|> take the form 

Mv 2 ( 2V2 A 2 \ 
|0| ~ ^^(1 + ^^^ + ...^ (7.26) 

m ~ ^_|i + ^^ w 2 + ...^. 

Taking into account the possible values of the phases e, e and 6* (and with H c , H c rotated to the 
real axis), we see that the potential in Eq. (|7.2|) possesses four valleys of absolute minima (for 
fixed \S\) which presumably lead (for \S\ -> 0) to the four SUSY vacua in Eqs. ([7T4"f and ([73]) . 
We should keep in mind, though, that the two valleys corresponding to the same value of 9 are 
not discrete, but continuously connected since H c , ±H C * can have an arbitrary common phase. 
The expansions in Eq. (|7.26[) hold as long as w < 1, that is \S\ > v g . In the following, we will keep 
only the terms of leading order in w in the above equations. Although this might seem somewhat 
arbitrary, we will justify it later. Substituting the expansions in Eq. (|7.26|) into the potential of 
Eq. (|7.6j) and keeping only terms of leading order in w, we get 

^^ 2M4 ( 1 -4)- (7 - 27) 

This is exactly the form of the potential for smooth hybrid inflation considered in Sec. 13.41 Thus, 
we have shown that the present model possesses inflationary paths leading to smooth hybrid 
inflation. We call [60] the resulting scenario "new smooth" hybrid inflation since, in contrast to 
the conventional realization of smooth hybrid inflation, it is achieved by using only renormalizable 
interactions. It is evident that, as the system follows the new smooth inflationary path, the phases 
of the various fields remain fixed. Moreover, the particular point of the vacuum manifold towards 
which the system is heading is already chosen during inflation and we encounter no cosmological 
defect problems. 

Setting S = a/y/2, where a is the canonically normalized real inflaton field (recall that S was 
made real by an R transformation) , we obtain the potential along the new smooth path 

where vo = -,/kM is the inflationary scale. The slow-roll parameters e, 77 and the parameter £ 2 , 
which enters the running of the spectral index, are (see Sec. 13. ip 



4 f V'(cr) \ 2 _ 32m 2 ^ 
2 ^ V{a) ) ~ 729a 10 ' 



(7.29) 



V(a) J 27ct 6 

where the prime here denotes (as is obvious) derivation with respect to a. Inflation ends at a = af 
(taken positive by an R transformation) where rj = — 1, which gives 

40m%>v$ 
~27~ 



CT 6 ^ (7.32) 
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The number of e-foldings from the time when the pivot scale fco = 0.002 Mpc 1 crosses outside 
the inflationary horizon until the end of inflation is given by (see Sec. 13- ip 

1 n Via) ^ 9 , 6 



where ctq = V2Sq > is the value of the inflaton field at horizon crossing of the pivot scale. 
Taking into account the fact that a f <C <jq, we can write 

4^—^-N Q . (7.34) 

1/2 

The power spectrum of the primordial curvature perturbation at the scale ko is given by 



2irV3 ™, 3 p V>{a Q ) 



'P"9 



The spectral index n s , the tensor-to-scalar ratio r and the running of the spectral index dn s /d\nk 
are given by (see Sec. 13. lj) 

n s ~ 1 + 2i] — 6e ~ 1 



2 7 / 3 / « \ 4/3 
16^-^7, (^) , (7-36) 



3iV Q ' 
— ' 

38/3^5/3 Vm P , 



^«l fc ,-*-- ! f a » 



where e, t] and £ 2 are evaluated at a — <jq. The number of e-foldings Nq required for solving the 
horizon and flatness problems of standard HBB cosmology is given approximately by (see e.g. [5]) 

^ * 53 - 76 + I ln (W^ev) + I ln (lo4v) ' ^ 

where T r is the reheat temperature which is expected not to exceed about 10 9 GeV, which is the 
well-known gravitino bound [61] . 

Taking v g to have the SUSY GUT value, i.e. v g ~ 2.86 • 10 16 GeV (see below), T T to saturate 

the gravitino bound, i.e. T r ~ 10 9 GeV, and the WMAP3 [TT] normalization P^ 2 ~ 4.85 • 10~ 5 
at the comoving scale fco, we can solve Eqs. (|7.35p and (]7.37p numerically. We obtain 

7V Q ~ 53.78, v ~ 1.036 • 10 15 GeV. (7.38) 

The spectral index, the tensor-to-scalar ratio and the running of the spectral index are then 

n s ~ 0.969, r~9.4-10~ 7 , ~ -5.8 ■ 10~ 4 . (7.39) 

dmfc 

We see that the running of the spectral index and the tensor-to-scalar ratio are negligible and, 
thus, the standard power-law ACDM cosmological model should hold to a very good accuracy. 
Fitting the three-year results from WMAP [TT] with this cosmological model, one obtains that, at 
the pivot scale fco, 

n s = 0.958 ±0.016 0.926 < n s < 0.99 (7.40) 

at 95% confidence level. So, the value of the spectral index in Eq. (|7.39j) is perfectly acceptable. It 
is, actually, the same as in conventional smooth hybrid inflation (see Sec. l3.4[) since the inflationary 
potential for large \S\ is exactly the same, as we already pointed out. 
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We have already fixed the values of the parameters vo — y/nM and v g — \J mM / A. So, we are 
free to make two more choices in order to determine the four parameters of the model m, M, k 
and A. A legitimate choice is to set n = A and m = M which leads to quite natural values for the 
parameters, namely 

m = M — y/v^ ~ 5.44 ■ 10 15 GeV, k = A = — ~ 0.0362. (7.41) 

Vg 

For these values we find from Eqs. ([732]) . $LM$ that a f ~ 1.34 TO 17 GeV and oq ~ 2.69 TO 17 GeV. 

Let us now turn to the justification of the expansions in Eqs. (|7.22|) and ()7.26|) . The value of 
\S\ at the termination of inflation is approximately 

„ o-f 5mpH^ 

S " = 4^^r- (7 - 42) 

Therefore, the maximum value of w during inflation is 



^ = fp[iJ ^°- 3 - (7 - 43) 

Consequently, the condition w < 1 is satisfied during inflation and the expansions in Eq. (17.22[) are 
valid. Moreover, p ~ 0.0512 <C 1 for the values in Eq. (|7.4ip and, thus, for A ~ k, the expansions 
in Eq. (|7.26p are also justified. We find numerically that these expansions are actually justified in 
the entire range w < w max even for values of p close to unity and A > k. Rough estimates of the 
maximum relative errors when only the leading order term is kept in the expansions of Eq. (|7.26ll 
are given by the second term in the parentheses in these equations for w = w max . For the values 
in Eq. (|7.41[) we get that the maximum relative error in \<p\, which seems to be the largest of the 
errors in \(j>\, \(j>\ and \H C \, is given by the estimate 

* lAb ■ 10-3 ~ 1%o - (7 - 44) 

This is verified numerically as shown in Fig. 17. 1[ where we plot the relative error in \<p\ during 
inflation when we approximate the new smooth inflationary path by the expansions in Eq. (|7.22|) . 
Note that, in order to retain a precision better than 1% in \<j>\ keeping only the leading order term 
in its expansion in Eq. (|7.26p . the relation M < v g /2 has to hold, as can be seen from Eq. (|7.44p 
for u> max ~ 0.3. 

The identification of v g , which is the VEV \ (H C }\ or \(H C )\, with the SUSY GUT scale M GUT 
can be easily justified. As already mentioned, the VEVs of H c , H c break the PS gauge group to 
Gsm, whereas the VEV of the field <j) breaks it only to Gsm X U(1)b-l- So, the gauge boson A 1 - 
corresponding to the linear combination of U(l)y and U(1)b-l which is perpendicular to U(1)y, 
acquires its mass squared m 2 A± — (5/2)g 2 \(H c }\ 2 solely from the VEVs of H c , H c (g is the SUSY 
GUT gauge coupling constant). On the other hand, the masses squared m\ and rn 2 VR of the 
color triplet, anti-triplet (^4 ± ) and charged SU(2)r {Wj£) gauge bosons get contributions from (cf>) 
too. Namely, m\ = g 2 {\(H c )\ 2 + (4/3)|(0)| 2 ) and m 2 Wn = g 2 (\(H c )\ 2 + 2|(0)| 2 ). For the values in 
Eq. (|7.4ip . however, 

1(0) I 2 AM 



(H c 



0.0362 < 1, (7.45) 



which implies that rriA ~ rnw^ ~ 9 v g within a few per cent. So, v g is approximately equal to 
the practically common mass of the SM non-singlet superheavy gauge bosons divided by g ss 0.7, 
which is, in turn, equal to Mqut — 2.86 • 10 16 GeV (the SM singlet gauge boson A 1 - does not 
affect the renormalization group equations). 
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Figure 7.1: Relative error in \<j)\ on the new smooth inflationary path in global SUSY for the values 
of the parameters in Eq. (|7.41[) and 7 = when we use the expansion of Eq. (|7.22p up to second 
order in w with coefficient evaluated to leading order in p (dashed line) or accurately (dot-dashed 
line) and up to fourth order in w with coefficients evaluated to leading order in p (dotted line) or 
accurately (solid line). 



The 7 7^ case 

We will now turn to the case of a non-vanishing, but small value of the parameter 7. The scalar 
potential in this case takes the form 

V = \K(M 2 ~(f> 2 )- 1 H c H c \ 2 + \m4>-2KS<p\ 2 + \m<P~\H c H c \ 2 + \' 1 S+\4>\ 2 (\H C \ 2 + \H C \ 2 ) (7.46) 

and the SUSY vacua lie at 



2kA \ y r y z m z I A 



Again, the vanishing of the D-terms yields H c * = e l6 H c , which implies that we have four distinct 
SUSY vacua (cf. Eqs. (jfcfy . (101) 1: 



H C = H C = ±\h^ ± (9 = 0), (7.48) 



H c = _ R c = ± / ^ = ^ (7 49) 

with = 5 = 0. Here H c , H c are rotated to the real axis, but we should again keep in mind that 
the two vacua in Eq. (|7.48p or (|7.49|) belong, in reality, to a continuum of vacua. One can show 
that the potential now generally possesses three flat directions. The first one is the usual trivial 
flat direction at <f> = <p = H c = H c = with V — Vt T — n 2 M A . The second one exists only if 
M 2 > and lies at 

4> = ±M, 4>=^-S, H c = H c = 0. (7.50) 
m 

It is the semi-shifted flat direction (see Chap. El) with V^h = k 2 (M 4 — M A ) along which Gps is 
broken to Gsm x U(1)b-l- Note that the positions of the trivial and semi-shifted flat directions 
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remain the same as in the 7 = case. The third flat direction, which appears at 



$=-U H ^= K ^ M2 -fl +Xm t (7.51) 



y = y^^-^(M 2 + ^)\ (7.52) 



exists only for 7^0 and is analogous to the trajectory for the new shifted hybrid inflation of 
Chap. [5] Along this direction, Gps is broken to Gsm- In our subsequent discussion, we will again 
concentrate on the case where fi 2 = —M 2 > 0. It is interesting to note that, in this case, we 
always have V ns h > V tI and it is, thus, more likely that the system will eventually settle down on 
the trivial rather than the new shifted flat direction (the semi-shifted flat direction in Eq. (|7. 50(1 
does not exist in this case). 

If we expand the complex scalar fields <f>, 0, H c , H c in real and imaginary parts according to 
the prescription s = (si + zs2)/v / 2, we find that, on the trivial flat direction, the mass-squared 
matrices M| x of 4>i , 4>i and M? 2 of (f>2 , <t>2 are 

M 2 _fm 2 + 4k 2 \S\ 2 T 2k 2 M 2 -2nmS \ 

M ^2)-y _ 2KmS m 2 ) [rb6) 

and the mass-squared matrices Mf {l of fff, Hf and M H2 of H%, H$ are 

M 2 ( 1 2 \S\ 2 T7«M 2 \ 

M aH m) - y T7kM 2 7 2| 5 |2 J ■ (7.54) 

The matrices M^u^) are always positive definite, while the matrices ^Ijji{H2) acquire one negative 
eigenvalue for 

\S\<S C = J^M. (7.55) 

Thus, the trivial flat direction is now stable for \S\ > S c and unstable for \S\ < S c . Yet, one 
can easily see that, for 7 — > 0, S c — * 00 and we are led to the previous (7 = 0) case where the 
entire trivial flat direction was a path of saddle points. So, one can imagine that, for small enough 
values of the parameter 7, the trivial flat direction, after its destabilization at the critical point, 
forks into four valleys of local or global minima (for fixed |5|) of the potential in Eq. 1)7. 46p . which 
resemble the valleys for new smooth hybrid inflation described above in the 7 = case. 

Actually, the valleys for a small non-zero 7 are expected to differ from the ones for 7 = 
by corrections involving the small parameter 7. The terms in the potential of Eq. (|7.46p which 
depend on 7 and the phases e, e and 9 are 

SV = -27|iTf [kM 2 cos 6 - 2A|S| \<j>\ cose - «#| 2 cos(2e + 6>)] • (7.56) 

Estimating this expression on the valleys for 7 = by using the leading terms in the expansions 
of |0| and |0| in Eq. ([7~2"6"|) . we find that, for v g /\S\ < 1, 



SV w -2kjM 2 \H 



CI 2 



(7.57) 



From this, we see that the 7 dependent corrections enhance the potential in the valleys with 
e = e = 9 = 7r and reduce it in the valleys with e = e = 9 = 0. This fact can also be confirmed 
numerically. So, as it turns out, the trivial flat direction bifurcates at |5| = S c into two valleys 
of absolute minima for fixed \S\ which correspond to 9 ~ and lead to the two SUSY vacua in 
Eq. (|7.48[) . They are the valleys for new smooth hybrid inflation in the case with 7 7^ 0, but small. 
Recall, however, that these two valleys are not discrete, but belong to a continuum of valleys. 
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y (10 5 ) 

Figure 7.2: Number of e-foldings N nsnl along the new smooth inflationary path versus 7 in global 
SUSY when the system slowly rolls from a — 0.95 a c down to a — <7j. The other parameters of 
the model (except 7) take on the values in Eq. (|7.41jl . 

Unfortunately, it is quite difficult to find a reliable expansion for the fields on these valleys, 

mainly because of the obstacle at \S\ — S c , which prevents us from taking the limit v g /\S\ — > 0. 

So, numerical computation is our last resort. We have found numerically that, when the system 

crosses the critical point at a = er c (<r c = y/2S c ) after it has rolled down the trivial flat direction, 

it does not immediately settle down on the new smooth path. This takes place after a while and 

at a value of a which is well above 0.95 a c . Furthermore, quantum fluctuations which could kick 

the system out of the new smooth path are utterly suppressed well before the system reaches this 

value of a. However, just to be on the safe side, we will consider here the slow rolling of the system 

along the new smooth path starting from a = 0.95 a c . In Fig. I7.2I we plot the number of e-foldings 

N nsm along the new smooth path as a function of the parameter 7 in global SUSY and with the 

parameter values in Eq. (|7.4ip . when the system slowly rolls from a = 0.95 a c down to a = tjf 

where 77 = — 1 and the slow roll ends. We see that, for small enough 7, we can have an adequate 

number of e-foldings for solving the horizon and flatness problems of standard HBB cosmology. 

To pursue the investigation of the model further, we set p = \p2nM j m — 1/v2j k — 0.1 and 

1/2 

fix the value of the power spectrum P K of the primordial curvature perturbation to the three- 
year WMAP [TT] result P^ 2 ~ 4.85 • 10~ 5 . As already mentioned, on the new smooth path the 
fields H c and H c * have practically the same phase {9 ~ 0). So, one of the vacua in Eq. (|7.48|) is 
already selected during inflation (i.e. the common phase of H c and H c * is fixed during inflation). 
We set the VEV \(H C )\ = y/ m<f> + / A equal to the SUSY GUT scale (in practice, we just set 
v g = -J 1 mM I A = 2.86 • 10 16 GeV, since the resulting error is very small). After these choices, the 
only freedom left is the value of 7. In Fig. I7.3|. we plot the predicted spectral index of the model as 
a function of 7. We terminate the curve when the value of a at which our present horizon crosses 
outside the inflationary horizon becomes as large as 0.95 a c . We observe that there exists a range 
of values for 7 within which the system admits two separate solutions, each corresponding to a 
different value of A. This new feature of the model, which is not shared by conventional smooth 
hybrid inflation, originates from the presence of the critical point at a — cr c blocking the extension 
of the new smooth path to larger values of a. The part of the curve with n s < 0.96 corresponds 
to values of gq in the range 0.85 < <tq/<7 c < 0.946, while its branch with n s > 0.96 corresponds 
to gqIo c < 0.85. We see that spectral indices compatible with Eq. (|7.40p can easily be obtained 
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Figure 7.3: Spectral index in new smooth hybrid inflation as a function of 7 in global SUSY for 
p = v^K-M/m = 1/V2 and n = 0.1. The endpoint of the curve at n s ~ 0.932 corresponds to the 
case where our present horizon scale crosses outside the inflationary horizon when a — 0.95 a c . 

for 7's which are small enough so that the number of e-foldings generated is adequately large for 
solving the horizon and flatness problems. It is important to point out that, in global SUSY, 
the new smooth hybrid inflation model is far "superior" to conventional smooth hybrid inflation, 
which predicts n s ~ 0.97, in that it can easily accommodate much smaller values of n s and, thus, 
be more comfortably compatible with the data. However, we should note that obtaining values 
of n s which are very close to its lower bound in Eq. (|7.40p would require getting slightly above 
<7 = 0.95 a c . This is, though, not at all impossible, as we already mentioned, since in many cases 
new smooth hybrid inflation in global SUSY starts well above that point. 

For the values of 7 which correspond to the curve depicted in Fig. 17.31 i.e. 7 ~ (0.3—1.7) • 10~ 5 , 
we find that A ~ (1.4 - 3.1) • 10~ 3 , M ~ (2.4 - 3.6) • 10 16 GeV, m ~ (4.8 - 9.2) • 10 15 GeV and 
cr c ~ (3 — 9) • 10 17 GeV. The number of e-foldings from the time when the pivot scale ko crosses 
outside the inflationary horizon until the end of inflation is Nq ~ 53.6 — 53.85. The value ay of 
a when inflation ends is about 1.4 • 10 17 GeV and <jq lies in the range (2.85 — 3.025) • 10 17 GeV. 
Finally, dn s /d\nk ~ —(4.1 — 5.5) • 10~ 4 and r ~ (3 — 13) • 10~ 7 . Variations in the values of p and 
k (which are the only arbitrarily chosen parameters) have shown not to have any significant effect 
on the results. Contrary to the 7 = case, the numerical results for 7 7^ certainly depend on the 
choice of the phases of the parameters in the superpotential of Eq. (|7.ip . As already explained, 
only one of the dimensionless parameters of this superpotential, say the parameter 7, is genuinely 
complex. Its phase affects the position of the SUSY vacua in Eq. (|7.48|) and presumably the 
position of the new smooth paths which lead to these vacua. However, the general qualitative 
structure of the theory is not expected to be affected. 

7.3 Supergravity corrections 

It has been shown in Ref. [60 , that when global SUSY is promoted to local, some features of the 
model are sensitive to non-minimal terms in the Kahler potential. In particular, although SUGRA 
corrections with a minimal Kahler potential raise the spectral index above the allowed range, non- 
minimal terms can help us reduce the spectral index so as to become comfortably compatible with 
the data. We will work again by first concentrating on the 7 = case. 
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The F-term scalar potential in SUGRA is given by (see Sec. 



V = e K / m p 



(7.58) 



where K is the Kahler potential and F l * = W l + K l W fm\. As usual, a superscript (subscript) i 
denotes derivation with respect to the complex scalar field Si (s 1 *) and (K" 1 )? is the inverse of the 
Kahler metric Kj. We will consider, at first, a minimal Kahler potential and leave the inclusion 
of non-minimal terms for later. The minimal Kahler potential, in our case, has the form 

\S\ 2 + \0\ 2 + \4>\ 2 + \H C \ 2 + \H C \ 2 



K 

and the scalar potential is given by 

V 



V 



K 2 M 4 



,K /mf 



E 



Ws* 



(7.59) 



(7.60) 



where W = W/kM 2 and s stands for any of the five complex scalar fields appearing in Eq. (|7.59| . It 
has been numerically verified [50] that, for the parameters in Eq. (|7.41[) and 7 = 0, the potential is 
again minimized for fixed \S\ on the new smooth path for (j> = ±\<fi\, <j> = ±|0| and H C H C = ±|i? c | 2 , 
where the signs are correlated. (Recall, also, that S has been chosen real and positive). So, we will 
restrict our attention again to these directions. Furthermore, we have found that the relative error 
in approximating the new smooth path by Eq. (|7.22|) or (I7.26P is of the same order of magnitude 
as that in the global SUSY limit (see Fig. 17. ip . namely ~ l%o- So, we will use these expansions 
for the new smooth path in the SUGRA case as well. 

Below, we give the expansions of the various quantities entering the potential of Eq. (|7.60|) , 
calculated on the new smooth path for 7 = 0. Note that, besides w, we now have another small 
variable, namely \S\/mp, which is expected to be at least one order of magnitude below unity 
during inflation (e.g. Sq/ttip ~ 0.08 for the relevant value of v g ). In addition, the constants 
Vg/mp and M/mp are also well below unity. We will treat only v g /mp as an independent small 
constant since M/mp = M/v g ■ v g /m P with M/v g ~ 1. Using Eqs. (j?~2"2"|) and 1(7^5]) - ([T2"3]) . we 
can expand the superpotential and its derivatives on the new smooth path as follows: 



W 
mp 



\S\_ 
mp 



1 



x 2 (l - 4x 2 )w 4 + 



W s 



1 - x\ w* + 



± 



M 3 



Wz2i± 2V2pxlw 2 



W H c = ±W S c 



— 2x 2 y/z2 W 2 



(7.61) 
(7.62) 
(7.63) 



where the ± signs are again correlated, the ellipses represent terms of higher order in w and the 
last equation in Eq. (|T. 63[) has been written in the case where H c > (for H c < we should put 
an overall minus sign in front of the bracket). Using Eq. (17.22(1 . we can write the expansions of 
the fields on the new smooth path as 



±- 



TOp 



M 
mp 



x 2 w 



■ X4.W 



mp 



mp 



±- 



mp 



mp 



z 2 w ■ 



mp 



2^ 



(7.64) 
(7.65) 



where the ± signs are correlated with the ones in Eqs. (|7.62p - (|7.63p and we again take H c > 0. 

We will seek for an expansion of the dimensionless potential Vq on the new smooth path (for 
7 = 0) in powers of \S\/mp and w. One can easily show, using Eqs. (j7.60j) - (j7.65[> . that only even 
powers of IS'l/mp and w enter this expansion. Thus, the dimensionless potential expanded in these 
variables up to fourth order takes the form 



V ~ A + A : 



\S\ 2 

2 2~ 



aJ-^- + B 2 w 2 + B iW 4 . 



(7.66) 
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To construct the expansion of the dimcnsionless potential on the new smooth inflationary path, 
we first classify the various possible types of dimcnsionless quantities entering the calculation of Vq 
on this path. The dimensionless parameters p, Xi, yi, Zj, X/n and M/v g will be considered to be 
of order unity and, as all the quantities of order unity, will be called of type 1 . Any quantity that 
is proportional to some positive power of w = v g /\S\ with coefficient of order unity will be called 
of type tt . Note that all the terms in the square brackets in Eqs. (|7.61|) - ()7.65p are either of type 
1 or t 1 . Furthermore, any quantity that is proportional to some positive power of \S\/mp with 
coefficient of order unity will be called of type tg ■ Finally, positive powers of the small constant 
Vg/mp with coefficients of order unity will be called quantities of type m. It is easy to see, using 
Eqs. (|7.60p - (|7.65p . that only even powers of v g /mp appear in the expansion of Vq. Quantities of 
the form t% ■ tg can only take one of the forms m, m • tt and m ■ tg. So, the final expansion of Vq 
is expected to contain only terms of the form 1 , tx, tg, m, m ■ tx and m • t%. 

Now, we can split the relevant range v g < IS"! < mp of into two intervals according to which 
of the two fourth order quantities, Wg/|5| 4 and |S| 4 /mp, dominates. The former dominates in the 
interval v g < 151 < (i^rap) 1 / 2 , while the latter in the interval (vgirip) 1 ^ 2 < IS"! < mp. Comparing 
the quantity v 2 /mp with the two aforementioned fourth order quantities, we find that, in each of 
the two intervals, it is smaller than the dominant fourth order quantity in this interval. So, all the 
terms of type m can be neglected in the final expression of the potential in Eq. (|7.66p provided 
that A4 and B4 contain terms of type 1 , which turns out to be the case (see below) . The same 
is true for the terms of order v 2 /mp ■ v 2 /\S\ 2 and v 2 /mp • \S\ 2 /mp as well as all the higher order 
terms of the form m ■ tx and m ■ tg. According to the above, the dimensionless potential, up to 
fourth order in |S'|/mp and w, should only contain terms of type 1, tx and tg, which is equivalent 
to saying that the coefficients Ai and Bi in Eq. (|7.66|) should not contain terms of type m. 

Let us now find some rules which can help us manipulate the expansion of Vo on the new smooth 
path. First of all, note that this dimensionless potential consists of a sum of products of W /mp, 
W s and \s\/mp, as seen from Eq. (|7.60p . The quantities |s|/mp with s ^ S in Eqs. (|7.64p - (|7.65p 
consist of terms of the form m • tx, while \S\/mp and the quantities in Eqs. (|7.6ip - (|7.63p contain 
terms of the form 1 , 1 1 , £g and m • t%. It is readily shown that products of any of these quantities 
can only contain terms of type 1 , 1 1 , tg, m, m ■ ti and m • tg. Moreover, one can easily see that, 
if a term of type m, m ■ tx or m ■ t& is encountered at any intermediate stage of the calculation, 
it is bound to yield terms of type m, m • ti, or m ■ t% in the final expansion of Vq- However, we 
have already shown that such terms need not be kept in the final form of the potential since they 
give a negligible contribution. Thus, we conclude that we can drop terms of the form m, m ■ ti 
and m • t2 whenever we come across them and maintain only terms of the form 1 , ti and ig in the 
various stages of the calculation. A corollary to this is that we can take Kq in the exponential of 
Eq. ([7750]) to be simply \S\ 2 and W/m P in Eq. ([731]) to be simply \S\/m P . 

Taking all the above into account, we can now quite easily find that the relevant terms in the 
dimensionless potential of Eq. (|7.60p on the new smooth path (for 7 = 0), will be all contained in 

where V g = \W S \ 2 is the dimensionless scalar potential in the global SUSY limit. Substituting 
Eqs. (|7.6ip - (|7.63p into Eq. (|7.67p and keeping only the relevant terms, we obtain the potential 

Note that, in our case, the leading SUGRA correction to the inflationary potential for minimal 
Kahler potential, which corresponds to the second term in the parenthesis of Eq. (|7.68p . is the 
same as the one found in the first of Ref. [H], in the case of standard hybrid inflation and in 
Rcf. [20 , in the case of shifted and smooth hybrid inflation. Actually, the inflationary potential 
for conventional smooth hybrid inflation in Ref. (5U] coincides with the potential in Eq. (|7.68p . 
which applies to new smooth hybrid inflation for 7 = 0. 



Va 



|W| 2 |S| 5 



w* s ws* 



c.c. 



-3 



(7.67) 
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Let us now turn to the consideration of a more general Kahler potential containing non- 
minimal terms. As we are interested in the region of field space with \s\ -C mp, we can expand 
the Kahler potential as a power series in the fields. The same rules that we have extracted above 
for manipulating the expansion of the potential on the new smooth path in the case of minimal 
Kahler potential hold for this case as well. In particular, in expanding the potential up to fourth 
order in |S , |/mp and u;, we can drop terms of the form m, m ■ ti and m ■ t% whenever they appear 
at an intermediate stage of the calculation. As a consequence, we can take K in the exponential 
of Eq. (|7.58|1 to consist only of terms containing solely powers of the field S and not the other 
fields (compare with the similar argument above in the case of a minimal Kahler potential). Since 
terms of the form \S\ n (S m + S* m ) with n > and m > 1 are not allowed due to the R symmetry, 
the only relevant non-minimal Kahler potential terms are 

\S\ 4 /m P , \S\ 6 /m P (7.69) 

up to order six in \S\/mp. The same terms are the only non- minimal Kahler potential terms (up 
to sixth order) which can give a non-negligible contribution to Ki/mp. This is due to the fact 
that, in K, we cannot have terms with a single field s ^= S multiplying powers of S and S* since 
there exist no other gauge singlet fields in the theory. So, all terms in K other than the ones of 
the form in Eq. (|7.69p contain at least two fields s ^ S and, thus, give negligible contributions to 
Ki/mp. Finally, the inverse Kahler metric (A" 1 )^ can be expanded as a power series of the higher 
order terms contained in the Kahler metric K\ . Besides the terms of the form in Eq. (|7.69| , other 
Kahler potential terms that can contribute to (A are certainly the ones of the form 

\S\ 2 \ S \ 2 /m 2 P (7.70) 

with s being any of the fields <f>, <f>, H c and H c . In general, any term containing two of the four 
fields <f>, 4>, H c and H c multiplied by powers of S and S* will contribute. The only possible 
combinations of two fields s ^ S, other than |s| 2 , that respect gauge invariance are H C H C , (ft 2 , 
</></>, 4>*<t> and (j) 2 along with their complex conjugates. The first two can be multiplied by powers 
of \S\ 2 , while the other three need some extra S or S* factors in order to become R symmetry 
invariant. In summary, we can parameterize the most general Kahler potential which is relevant 
for our calculation here as follows: 

A = K + — — T + — — r +yk Ss a + fygg»— — + V*g'- 



4 m 2 6 to p m 2 \ w ° m P v VJ m P 

4> 2 S* 2 , ct> 2 \S\ 2 , H C H C \S\ 7 , 
+*WS' —2- + k 4>4>SS* —a— + k HSs s* —2 + cc. , (7.71) 

/ / fcp / / tp / / fcp J 

where the various k coefficients are considered to be of order unity. From this, we get 

K s S* / , k s \S\ 2 , k ss \S\* 



mp mp \ I mp I mp J 

while all the other first derivatives K s /mp are of the form m, m-ti or m • t% and can be neglected. 
The relevant contributions to the Kahler metric and its inverse are 
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K 3 3 = l + k s ^, (7.75) 
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(7.76) 



and i = 1,2, 3, 4, 5 correspond to the fields S, </>, <f>, H c , H c respectively. 

As can be seen from Eqs. f|7. 58[) and (|7.73[) . the only contribution to the scalar potential on 
the new smooth path originating from non-diagonal elements of the inverse Kahler metric comes 
from the term (K -1 )^ F 2 *F 3 + c.c, which, on the new smooth path, is given to leading order by 



k 2 M 4 (l6V2 P x 3 2 z 2 Reikis*}) ^~ 



(7.77) 



It is, thus, of the form m ■ t± and can be dropped. From the diagonal entries in (K one finds 
that the relevant contributions to the potential on the new smooth path will come from 
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(7.78) 



Substituting Eqs. (|7T6T|l - ([7T63| . ((77721 . ((77731) and 17775]) into Eq. ((7778]) . expanding in powers of 
|S f |/mp and keeping only terms of type 1, ti and tg, we finally obtain, for the potential on the 
new smooth path for 7 = in SUGRA, the approximation 
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where vq = \fk~M and 75 = 1 — | fcg — 3 kss + 2 kg. We see that, from the variety of terms in 
the Kahler potential, only those with coefficients k$ and kss contribute to the scalar potential on 
the new smooth path expanded up to fourth order in |5|/mp and v g /\S\. Note that Eq. (|7. 79[) 
coincides with the corresponding result found in Ref. [21] in the case of conventional smooth hybrid 
inflation. Moreover, the SUGRA correction to the inflationary potential, which corresponds to 
the second and third terms in the parenthesis in the right hand side of Eq. (|7.79|) . coincides with 
the SUGRA correction found in Ref. jT5] in the case of standard hybrid inflation. 

All the above results hold as long as Eq. (17.26|) is a good approximation of the new smooth path 
for 7 = 0, in the case of a non-minimal Kahler potential too. We have checked [50] numerically 
that, at least for values of the parameters close to the ones in Eq. (|7.41|) , the relative error in the 
fields on the new smooth path remains smaller than 2% for a general Kahler potential (which can 
include more terms besides the ones in Eq. (|7.7ip ). even when the various k coefficients are of 
order unity. As in Ref. |15] . the new terms in the inflationary potential that originate from the 
non-minimal terms in the Kahler potential and are proportional to 15*1 2 and IS*! 4 , can give rise to 
a local minimum at \S\ — |i?| m i n and maximum at |<S| = |S| ma x < |S r |min on the inflationary path. 
This means that, if the system starts from a point with \S\ > \S\ max , it can be trapped in the 
local minimum of the potential. Nevertheless, as in Ref. {3Tj where conventional smooth hybrid 
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inflation was considered, in the case of new smooth hybrid inflation too, there exists a range of 
values for ks where the minimum-maximum on the inflationary potential does not appear and the 
system can start its slow rolling from any point without the danger of getting trapped. 

Let us find the condition for the inflationary potential in Eq. (|7.79p . which holds in the case 
7 = 0, not to have the "minimum-maximum" problem. Using the dimensionless real inflaton field 
a = a/mp, this potential and its derivative with respect to a are given by 

V = -^l-hs^ + ljsa'-^-, (7.80) 
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where v g = v g /mp and 75 is assumed positive. We can evade the local minimum and maximum 
of the inflationary potential if we require that dV /da remains positive for any a > so that this 
potential is a monotonically increasing function of a. This gives the condition 

/( £)^8_2fe5„ 6+ 16^ 
7s 277s 

For kg > 0, which is the interesting case as we will soon see, the minimum of the function f(a) 

lies at &\ = (3ks/2js) 1 ^ 2 , with f(a±) — — 27k s /16j s + l6i}g/27"/s and the requirement f(a{) > 
yields the restriction 

Note that, for 75 ~ 1, this inequality implies that ks < 1 and thus &\ < 1, so, the minimum of 
f(a) lies in the relevant region where a < nip. 

For ks > /c™ ax , on the other hand, the inflationary potential has a local minimum and maximum 
which approximately lie at 

{2k s \ 1/2 ( H \ 1/6 

Cmm ^ mp , er max ~ m P — T . (7.84) 

V IS J y27k s m p J 

Even in this case, the system can always undergo a stage of inflation with the required number of 
e- foldings starting at a a < cr max . This is due to the vanishing of the derivative V'(a) at a — cr max . 
However, the more the e-foldings we want to obtain, the closer we must set the initial a to the 
maximum of the potential, which leads to an initial condition problem. Yet, as we will see, we 
can obtain a spectral index as low as 0.95 at ko = 0.002 Mpc -1 , in agreement with the WMAP 
three-year value 0.958 ± 0.016 [11] . maintaining the constraint ks < fc™ ax . 

Using the inflationary potential in Eq. (|7.79|) . the spectral index turns out to be 

al 80v*ml 

n s ~ 1 + 2 VQ ~ 1 - 2k s + 3 7S - J/ , (7.85) 

where r/Q is the value of 77 when the pivot scale fco = 0.002 Mpc -1 crosses outside the inflationary 
horizon. We can see that the ks term in the Kahler potential contributes to the lowering of the 
spectral index if ks is positive. So, a ks with this choice of sign can help us make the spectral index 
comfortably compatible with the three-year WMAP [TT] measurements. However, since we cannot 
have any reliable and convenient approximation for <tq, a numerical investigation is required. 

Turning now to the case of small but non-zero 7, one can assert that, again, only the same 
non-minimal terms of the Kahler potential with coefficients ks and kss will enter the expansion 
of the potential on the new smooth path, although the global SUSY potential for new smooth 
hybrid inflation is not, in this case, given by Eq. (|7.28|) but has to be calculated numerically. So, 
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Figure 7.4: Spectral index in new smooth hybrid inflation as a function of 7 in minimal SUGRA 
for p = y/ZnM/m = l/\/2 and k = 0.1. The endpoint of the curve at 7 ~ 7.5 • 10~ 5 (n s ~ 1.0695) 
corresponds to the case where our present horizon scale crosses outside the inflationary horizon 
when a = 0.95 a c . 

due to the small value of 7, we can assume that the potential on the new smooth path in the case 
of SUGRA with the non-minimal Kahler potential of Eq. (|7.7ip and 7 7^ has the form 



where Vsusy = Vsusy/^o Ususy being the inflationary potential in the case of global SUSY 
and 7^0. Note, also, that in the SUGRA case with 7^0, the critical value of a where the 
trivial flat direction becomes unstable will be slightly different from the critical value of a in the 
global SUSY case. 

As in the global SUSY case with 7^0, we take [B0J p = y/2nM/m = I/a/2, k = 0.1 and fix 

1/2 

numerically the power spectrum P K of the primordial curvature perturbation to the three-year 
WMAP [TT] normalization. We also set the VEV | ( H c } \ equa l to the SUSY GUT scale, which, to a 
very good approximation, means that we put v g = y/mM/X ~ 2.86 • 10 16 GeV. The scalar spectral 
index in SUGRA with a minimal Kahler potential (i.e. for k$ — k$s — 0) as a function of the 
parameter 7 is shown in Fig. 17.41 We terminate the curve when the value of a at which our present 
horizon scale crosses outside the inflationary horizon reaches 0.95 a c , as we did in Fig. 17.31 We 
see that minimal SUGRA elevates the scalar spectral index above the 95% confidence level range 
obtained by fitting the three-year WMAP data by the standard power-law ACDM cosmological 
model (n s tends to approximately 1.055 as 7 — * 0). This situation is readily rectified by the 
inclusion of non-minimal terms in the Kahler potential, as we will see below. For the range of values 
of -7 shown in Fig. 17.41 (i.e. for 7 ~ (1 — 7.5) • 10 -5 ), the ranges of the other parameters of the model 
are as follows 60,: A~ (1.33 — 1.68) -10 -2 , M ~ (7.4-8.3) TO 16 GeV, m ~ (1.48-1.66) TO 16 GeV, 
a c ~ (4.2 - 9.8) • 10 17 GeV, a Q ~ (3.6 - 3.95) • 10 17 GeV, a f ~ (1.39 - 1.395) • 10 17 GeV, 
N Q ~ 54.3 - 54.4, dn s /dlnk ~ -(2.1 - 2.6) • 10~ 3 and r ~ (2.4 - 3.8) ■ 10" 5 . 

Next, we consider the case where non-minimal terms are present in the Kahler potential. We 
will let ks have a non-zero positive value but take k$s = for simplicity. The spectral index can 
again be numerically calculated [B0] and plotted as a function of the parameter 7. This is shown in 
Fig. 17.51 where n s is drawn for various values of ks- The limiting points on each curve correspond 
to the situation where the potential on the new smooth inflationary path starts developing a local 
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Figure 7.5: Spectral index in new smooth hybrid inflation in non-minimal SUGRA as a function 
of 7 for p = \f2nM/m — l/y/2 and re = 0.1. The values of fcs, which are indicated on the curves, 
range from 0.008 to 0.0105 and k ss = 0. 

minimum and maximum. We observe that, although all curves terminate on the right, only curves 
that correspond to larger values of ks (and smaller values of n s ) have an endpoint on the small 
7 side. It is instructive to note that, for 7 = 0, Eq. (|7.83|) gives £;™ ax ~ 0.0088, which is in fairly 
good agreement with Fig. 17.51 From this figure, one can infer that the spectral index can be 
readily set below unity in SUGRA with non-minimal Kahler potential and that one can achieve 
a value as low as n s ~ 0.952 without having to put up with a local minimum and maximum of 
the potential on the inflationary path. This minimum value of n s corresponds to the endpoint of 
the curve with ks = 0.008. The maximum allowed value of ks is about 0.01054 corresponding 
to 7 ~ 0.66 • 10" 5 and n s ~ 0.953. Finally, for the range of values of 7 and ks corresponding 
to the curves in Fig. 17.51 the ranges of variance of the other parameters of the model are as 
follows [HDJ: A ~ (1.5 - 2.6) • 10~ 3 , M ~ (2.5 - 3.3) ■ 10 16 GeV, m ~ (0.5 - 0.66) • 10 16 GeV, 
cr c ~ (0.45 - 1.7) • 10 18 GeV, a Q ~ (2.54 - 2.77) • 10 17 GeV, a f ~ (1.39 - 1.395) • 10 17 GeV, 
N Q ~ 53.6 - 53.8, dn s /d\nk ~ -(7.2 - 9.2) • 10" 4 and r ~ (3 - 9.6) • 10~ 7 . Variations in the 
values of p and re have shown not to have any significant effect on the results. In particular, the 
spectral index cannot become smaller than about 0.95 by varying these parameters provided that 
the appearance of a local minimum and maximum on the inflationary potential is avoided. Note, 
however, that smaller values of n s can be readily achieved but only at the cost of the presence of 
the "minimum-maximum" problem. 
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Chapter 8 



Standard-Smooth Hybrid Inflation 



8.1 Introduction 

As we have mentioned before, it is well known that the standard supersymmetric realization of 
hybrid inflation in the context of grand unified theories leads, at the end of inflation, to a copious 
production of topological defects such as cosmic strings [5T] , magnetic monopoles [37] , or domain 
walls [1)5], if these defects are predicted by the underlying symmetry breaking. In the case of 
magnetic monopoles or domain walls, this causes a cosmological catastrophe. The simplest GUT 
gauge group whose breaking to the SM gauge group predicts the existence of topologically stable 
magnetic monopoles is the Pati-Salam group Gps = SU(4) C x SU(2) L x SU(2) R fTTJ. (Note that 
the PS monopoles carry [M] two units of Dirac magnetic charge.) So, applying the standard 
realization of hybrid inflation within the SUSY PS GUT model, we encounter a cosmologically 
disastrous overproduction of magnetic monopoles at the end of inflation, where the GUT gauge 
symmetry Gps breaks spontaneously to Gsm- 

Possible ways out of this difficulty are provided by the shifted or smooth variants of SUSY 
hybrid inflation (see Chap. [3]), which, in their conventional realization, utilize non-renormalizable 
superpotential terms. As we have seen, in these inflationary scenarios the GUT gauge symmetry 
Gps is broken to Gsm already during inflation and, thus, no magnetic monopoles are produced 
at the termination of inflation. It has also been shown in Chaps. [5] and [7j that hybrid inflation 
of both the shifted and smooth type can be implemented within an extended SUSY PS model 
without the need of non-renormalizable superpotential interactions. It is very interesting to point 
out that this extended SUSY PS model, described in Chap. [31 was initially constructed [22] 
for solving a very different problem. In SUSY models with exact Yukawa unification, such as 
the simplest SUSY PS model, and universal boundary conditions, the &-quark mass comes out 
unacceptably large for // > 0. Therefore, Yukawa unification must be moderately violated so that, 
for /i > 0, the predicted 6-quark mass resides within the experimentally allowed range even with 
universal boundary conditions. This requirement has led [22] to the extension of the superficld 
content of the SUSY PS model by including, among other superfields, an extra pair of SU(4) C 
non-singlet SU(2)l doublets, which naturally develop [33] subdominant VEVs and mix with the 
main electroweak doublets of the model leading to a moderate violation of Yukawa unification 
(see Chap. [3] for details). It is quite remarkable that the resulting extended SUSY PS model can 
automatically and naturally lead [33 EH] to a new version of shifted and smooth hybrid inflation 
based solely on renormalizable superpotential terms. As in the conventional realization of shifted 
and smooth hybrid inflation, the GUT gauge group Gps is broken to Gsm already during inflation 
in these models too and monopole production at the end of inflation is avoided. 

Unfortunately, there is generally a tension between the above mentioned well-motivated, natu- 
ral and otherwise successful hybrid inflationary models and the recent three-year results jllj from 
the WMAP satellite. Indeed, in global SUSY, these models, possibly with the exception of the 
smooth [18j and new smooth |60| hybrid inflation models, predict that, the spectral index n s is 
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very close to unity and with no much running. Moreover, inclusion of supergravity corrections 
with canonical Kahler potential yields, in all cases, n s 's which are very close to unity or even 
exceed it. On the other hand, fitting the WMAP3 data with the ACDM cosmological model, one 
obtains [11] n s 's clearly lower than unity. 

One possible resolution of this inconsistency is to use a non-minimal Kahler potential 

with a convenient choice of the sign of one of its terms, as we did in Sec. 17.31 This generates a 
negative mass term for the inflaton and the inflationary potential acquires, in general, a local 
minimum and maximum. Then, as the inflaton rolls from this maximum down to smaller values, 
hybrid inflation of the hilltop type [55] can occur. In this case, n s can become consistent with the 
WMAP3 measurements, but only at the cost of a mild tuning [H7] of the initial conditions. In any 
case, we must make sure that the system is not trapped in the local minimum of the inflationary 
potential, which can easily happen for general initial conditions. In such a case, no hybrid inflation 
would take place. Note that, in the cases of smooth and new smooth hybrid inflation, acceptable 
n s 's can be obtained [211 160) even without the appearance of this local minimum and maximum 
and, thus, the related complications can be avoided (see Sec. 17. 3|) . 

Another possibility [H] for reducing the spectral index predicted by hybrid inflation models 
is based on the observation that, in such models, n s generally decreases with the number of e- 
foldings suffered by our present horizon scale during hybrid inflation. So, restricting this number 
of e-foldings, we can achieve values of n s which are compatible with the WMAP3 data even with 
minimal Kahler potential. The additional number of e-foldings required for solving the horizon 
and flatness problems of standard hot big bang cosmology can be provided by a second stage of 
inflation which follows hybrid inflation. In Ref. [49| . this complementary inflation was taken to 
be of the modular type [70], realized by a string axion at an intermediate scale. Note, in passing, 
that a restricted number of e-foldings during hybrid inflation was previously used [71j to achieve 
sufficient running of the spectral index. 

In this chapter, we will describe an alternative, two-stage inflationary model [64] , based on the 
same extended SUSY PS model of Chap. 0] which, as we saw, can lead to new shifted, semi-shifted 
or new smooth hybrid inflation. We will restrict ourselves in the range of parameters of this model 
that corresponds to the last case. As shown in Chap. the relevant scalar potential possesses, 
in this case, a trivial classically flat direction which is stable for large values of the inflaton field. 
Along this direction the PS gauge group is unbroken. For values of the inflaton field smaller than 
a certain critical value, this flat direction is destabilized giving its place to a classically non-flat 
valley of minima along which new smooth hybrid inflation can take place. The GUT gauge group 
Gps is broken to Gsm in this valley. 

In Chap. [7] we investigated the possibility that all the cosmologically relevant scales exit the 
horizon during new smooth hybrid inflation, which is, thus, responsible for the observed spectrum 
of primordial fluctuations. Here, we will consider an alternative possibility. As usual, the trivial 
flat direction acquires a logarithmic slope from one-loop radiative corrections which are due to 
the SUSY breaking caused by the non-vanishing potential energy density on this direction. So, 
a version of standard hybrid inflation can easily take place as the system slowly rolls down the 
trivial flat direction. We will assume here that the cosmologically relevant scales exit the horizon 
during this inflationary stage. Then, as in Ref. [15] > we can easily achieve, in global SUSY, spectral 
indices which arc compatible with the data by restricting the number of e-foldings suffered by our 
present horizon scale during this inflationary period. The additional number of e-foldings required 
for solving the horizon and flatness problems is naturally provided, in this case, by a second stage 
of inflation consisting mainly of new smooth hybrid inflation. So, the necessary complementary 
inflation is automatically built in the model itself and we do not have to invoke an ad hoc second 
stage of inflation as in Ref. [49] . Furthermore, the PS monopoles which are formed at the end of 
the standard hybrid stage of inflation can be adequately diluted by the subsequent second stage of 
inflation. The inclusion of SUGRA corrections with minimal Kahler potential raises the spectral 
index, which, however, remains acceptable for a wide range of the model parameters. So, in this 
model, there is no need to include non-minimal terms in the Kahler potential and, consequently, 
complications from the possible appearance of a local minimum and maximum on the inflationary 
potential are avoided. 
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8.2 Standard-smooth hybrid inflation in global SUSY 



The superpotential terms which are relevant for inflation are given in Eq. (|6.ip or Eq. (|7.1|) . which 
we repeat here for convenience 

W = kS(M 2 - <\?) - ~fSH c H c + m<t>4> - \4>H C H C , (8.1) 

where M, m are superheavy masses of the order of the SUSY GUT scale Mqut — 2.86 • 10 16 GeV 
and k, 7, A are dimensionless coupling constants. All these parameters are normalized so that 
they correspond to the couplings between the SM singlet components of the superfields. As we 
said in Sec. 16.21 and repeated in Sec. 17.21 the mass parameters M, in and any two of the three 
dimensionless parameters k, 7, A can be made real and positive by appropriately redefining the 
phases of the superfields. The third dimensionless parameter, however, remains in general complex. 
For definiteness, we choose this parameter to be real and positive too as we did in Chaps. [6] and [71 
The F-term scalar potential obtained from the superpotential W in Eq. (|8.ip is given by 

V = \K{M 2 -4> 2 )-^H c H c \ 2 + \m^~2KS<p\ 2 + \m<P~XH c H c \ 2 + \' 1 S+X4>\ 2 (\H C \ 2 + \H C \ 2 ) , (8.2) 

where the complex scalar fields which belong to the SM singlet components of the superfields are 
denoted by the same symbol. In Sec. 17.21 it was shown that this potential leads to a new version 
of smooth hybrid inflation provided that 

M 2 = -M 2 + ^>0 (8.3) 

and the parameter 7 is adequately small. It was argued that, under these circumstances, there 
exists a trivial classically flat direction at <f> — cf> = H c = H c = with V = Vt r = k 2 M 4 , which is 
a valley of local minima for 

\S\>S C =J^M (8.4) 

and becomes unstable for | | < S c , giving its place to a classically non-flat valley of minima along 
which new smooth hybrid inflation can take place. 

We will now briefly summarize some of the main results of Chap. [7J which are relevant for our 
discussion here. The SUSY vacua of the potential in Eq. (18. 2p lie at 



The vanishing of the D-terms yields H c * — e t6 H c , which implies that there exist two distinct 
continua of SUSY vacua: 



H C *=H C 1 \H C \ = J 1 ^± (9 = 0), (8.6) 



H"=-H c , =y-^ ( = 7r)) (8 . 7) 

with = 5 = 0. One can show that the potential, besides the trivial flat direction, possesses 
generally two non-trivial flat directions too. One of them exists only if M 2 = —jl 2 > and lies at 

(j) = ±M, 4>=^-S, H c = H c = 0. (8.8) 
m 

It is the semi-shifted flat direction discussed in Chap. [H with V = V ss h = n 2 (M A — M 4 ), along 
which Gps is broken to Gsm x U(1)b-l- The second non-trivial flat direction, which appears at 

7to - 7 nc k 7 (M 2 - (j> 2 ) + Xmcf) 

4> = -tt-- r> 9=—rS, H H = r— , 8.9) 

2k\ A 7^ + V 

? \ ? / o 9 \ 2 



V = V ^—A M + i^J ' (8 - 10) 
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exists only for 7^0 and is analogous to the trajectory for the new shifted hybrid inflation of 
Chap. El Along this direction, Gps is broken to Gsm- In our subsequent discussion, we will 
concentrate on the case jl 2 > 0, where the shifted flat direction in Eq. (|8.8[) does not exist. It is 
interesting to point out that, in this case, we always have U ns h > Vtr and it is, thus, more likely 
that the system will eventually settle down on the trivial rather than the new shifted flat direction. 

If we expand the complex scalar fields 0, 0, H c and H c in real and imaginary parts according 
to the scheme s = (si + is2)/V2, we find that, on the trivial flat direction, the mass-squared 
matrices of 4>i , 4>i an d M? 2 of (f>2 , <t>2 are 

2 _ / m 2 + Ak 2 \S\ 2 T 2k 2 M 2 ~2nmS \ 
M *l{4>2) - y _ 2KmS m 2 ) (ii - U > 

and the mass-squared matrices Mf {l of H{ , and Mfj 2 of Hfi, -fff are 

M 2 ( i 2 \s\ 2 TIkM 2 \ 

The matrices M 2 ^^ are always positive definite, while the M^^^x acquire one negative eigen- 
value for \S\ < S c . Thus, the trivial flat direction is stable for \S\ > S c and unstable for |5| < S c . 

It has been shown in Sec. 17.21 that, for small enough values of the parameter 7, the trivial flat 
direction, after its destabilization at the critical point, gives its place to a valley of absolute minima 
for fixed \S\, which correspond to 8 ~ and lead to the SUSY vacua in Eq. (|8.6[) . This valley 
possesses an inclination already at the classical level and can accommodate a stage of inflation 
with the properties of smooth hybrid inflation. The name "new smooth" hybrid inflation has been 
coined [SU] for the inflationary scenario obtained when all the e-foldings required for solving the 
horizon and flatness problems of standard hot big bang cosmology arc obtained when the system 
follows this valley. In this chapter, as we have already mentioned, we will study the case when 
the total required number of e-foldings splits between two stages of inflation, the standard hybrid 
inflation stage for \S\ > S c and the new smooth hybrid inflation stage, including an intermediate 
short inflationary period, for \S\ < S c . 

The general outline of this scenario, which has been named [M] "standard-smooth" hybrid 
inflation, goes as follows. We assume that the system, possibly after a period of pre-inflation at 
the Planck scale, settles down at a point on the trivial flat direction with \S\ > S c (see e.g. [72]). 
The constant classical potential energy density on this direction breaks SUSY explicitly and implies 
the existence of one-loop radiative corrections, which lift the flatness of the potential producing the 
necessary inclination for driving the inflaton towards the critical point at \S \ — S c . So the standard 
hybrid inflation stage of the scenario can be realized along this path. As the system moves below 
the critical point, some of the masses squared of the fields become negative, resulting to a phase of 
spinodal decomposition. This phase is relatively fast, causes the spontaneous breaking of Gps to 
Gsm and generates a limited number of e-foldings. After this intermediate inflationary phase, the 
system settles down on the new smooth hybrid inflationary path and, thus, new smooth hybrid 
inflation takes place. The second stage of inflation, consisting of the intermediate phase and the 
subsequent new smooth hybrid inflation, yields the additional number of e-foldings required for 
solving the horizon and flatness problems of standard hot big bang cosmology. At the end of this 
stage, the system falls rapidly into the appropriate SUSY vacuum of the theory leading, though, 
to no topological defect production, since the GUT gauge group is already broken to the SM 
gauge group during this inflationary stage. Two more requirements need to be fulfilled in order 
for this scenario to be viable. First, one has to make sure that the number of e-foldings generated 
during the second stage of inflation is adequate for diluting any monopoles generated during the 
phase transition at the end of the first stage of inflation. Secondly, one must ensure that all 
the cosmologically relevant scales receive inflationary perturbations only from the first stage of 
inflation, so that the existence of measurable perturbations originating from the phase of spinodal 
decomposition, which are of a rather obscure nature, is avoided. Both of these requirements are 
very easily satisfied in this model, as we will see in the course of the subsequent discussion. 
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The one-loop radiative correction to the potential due to the SUSY breaking on the trivial 
inflationary path is calculated, as usual, by the Coleman- Weinberg formula: 

^^EH)^ 1 ^' (8 - 13) 

i 

where the sum extends over all helicity states i, Fi and Mf are the fcrmion number and mass 
squared of the ith state and A is a renormalization mass scale. In order to use this formula for 
creating a logarithmic slope in the inflationary potential, we have first to derive the mass spectrum 
of the model on the trivial inflationary path. It is easy to see that, in the bosonic sector, we obtain 
two groups of 45 pairs of real scalars with the mass-squared matrices 

a f m 2 +4 K 2 |S| 2 T2K 2 Af 2 -2nmS \ 
and two more groups of 8 pairs of real scalars with mass-squared matrices 

a/ 2 - ( ^ T7KM2 ^ rsi^ 

M l(2) - -r^nrt „,2|Q|2 ' (»- 15 ) 



(2) - ^ T1K M 2 7 2 |^| 2 

Note that Af 2 (+) equals M 2 1{cf)2) of Eq. (|8TTT]l and Af 2 (2) equals M 2 H1(H2) of Ec l- |8T2| . In the 
fermionic sector of the theory, we obtain 45 pairs of Weyl fermions with mass-squared matrix 

and 8 more pairs of Weyl fermions with mass-squared matrix 

M - ^ ^ J . (8.17) 

Note that the matrices Mq, Mq equal M 2 ^, M 2 ^ respectively, without the =F terms in those. 
The one-loop radiative correction to the inflationary potential then takes the form 

45 r a Ml a M 2 d M 2 ^ 

AV = 64^ TrjA^ln + MHn _-2M 4 ln-^} 

+ oi K{Mtln§+M*ln§-2M^§}. (8.18) 

The total effective potential on the trivial inflationary path will be given by V£ — Vq + AV, where 
vq = ^/kM is the inflationary scale. As already mentioned, the one-loop radiative correction to the 
inflationary potential lifts its classical flatness and generates a logarithmic slope which is necessary 
for driving the system towards the critical point at \S\ = S c . It is important to note that the 
l) Fi Mf = 8vq (45k 2 +47 2 ) is S- independent, which implies that the slope is A-independent 
and the scale A, which remains undetermined, does not enter the inflationary observables. 

Making the complex scalar field S real by an appropriate global U(l) R transformation and 
defining the canonically normalized real inflaton field a = y/2S, the slow-roll parameters e, r\ and 
the parameter £ 2 , which enters the running of the spectral index, are (see Sec. 13. ip 



nip 



VMV . fwn (..^M), ,8.19) 



V(a) J ' '~ F \ V(a) J 7 s V 2 {a 



where the prime denotes derivation with respect to the inflaton a and mp ~ 2.44 • 10 18 GeV is 
the reduced Planck mass. In these equations, V is either the effective potential V£ on the trivial 
inflationary path defined above, if we are referring to the standard hybrid stage of inflation, or the 
effective potential V°^ m for new smooth hybrid inflation, which has to be calculated numerically 
(see Chap. [7]), if we are referring to the new smooth hybrid inflationary phase. 
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Numerical simulations have shown |64j that, after crossing the critical point at a = a c = \/2S c , 
the system continues evolving, for a while, with the Hubble parameter H remaining approximately 
constant and equal to Ho = v^/VSmp, until it settles down on the new smooth hybrid inflationary 
path at a sa 0.99 a c . The scale factor of the universe increases by about 8 e-foldings during this 
intermediate period. The fields H c and H c are effectively massless at a = <j c and, thus, acquire 
inflationary perturbations 5H C — SH C « Hq/2t:. So, for the purpose of numerical simulation, 
their initial values at the critical point have been taken equal to these perturbations. The inflaton 
a is assumed to have an initial velocity given by the slow-roll equation 

= TFT ' l 8 - 20 ) 

where the overdot denotes derivation with respect to the cosmic time t and the inclination V£f'{a c ) 
is provided by the radiative corrections on the trivial flat direction (for the parameter values that 
are of interest, the slow-roll conditions e < 1, |?j| < 1 for the first stage of inflation are violated 
only very close to the critical point). Although the above results are not independent from the 
values of the model parameters, they represent legitimate mean values. Moreover, inflationary 
observables like the spectral index have shown [M] not to depend significantly on the properties 
of this intermediate phase. 

From the above we see that the number of e-foldings from the time when the pivot scale 
ko = 0.002 Mpc -1 crosses outside the inflationary horizon until the end of inflation is (see Sec. 13. ip 

Nq ~^L, w^ da+8+ ^ P L ww) da ' (8 - 21) 

where <jq = \/2Sq > is the value of the inflaton field at horizon crossing of the pivot scale and 
o f refers to the value of a at the end of the second stage of inflation, which can be found from 

1/2 

the corresponding slow-roll conditions. The power spectrum _P K of the primordial curvature 
perturbation at the scale ko is given by 



,1/2 „ _J_ [V t f(« Q )} 3/2 

2W3 mlV t f'(a Q ) 



The spectral index n s , the tensor-to-scalar ratio r and the running of the spectral index dn a /d\nk 
can be written as 

n s ~l + 2?/-6e, r~ 16e, ~ lGerj - 24e 2 - 2^ 2 , (8.23) 

a In k 

where e, 77 and ^ 2 are evaluated at a — <tq (see Sec. I3.1j) . The number of e-foldings Nq that is 
required for solving the horizon and flatness problems of standard hot big bang cosmology is given 
approximately by (see e.g. [8]) 

" 53 ' 76 + I ln (lo^ev) + I ln (lo4v) ' ( 8 - 24 ) 

where T r is the reheat temperature that is expected not to exceed about 10 9 GeV, which is the 
well-known gravitino bound (i 1 . 

As already explained, magnetic monopoles are produced at the end of the standard hybrid 
stage of inflation, where Gps breaks down to Gsm- We will now discuss, in some detail, this 
production of magnetic monopoles and their dilution by the subsequent second stage of inflation. 
The masses of the fields H € and H c , which vanish at a = a c , grow very fast as the system moves 
to smaller values of a. Actually, as one can show numerically [64], they become of order Ho when 
the system is still very close to the critical point. At that time the inflationary perturbations of 
H° and H c become suppressed. After this, the system evolves essentially classically, ft remains, 
for a while, close to the trivial flat direction (which, for a < a c , is unstable as it consists of saddle 
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points) yielding about 8 e-foldings, as mentioned above. It finally settles down on the new smooth 
hybrid inflationary path at a rs 0.99 a c . To be more precise, it ends up at a point of the manifold 
which consists of the absolute minima of the potential for fixed a ~ 0.99 a c . The particular choice 
of this point is made by the inflationary perturbations of H c and H c , which cease to operate when 
the masses of these fields reach the value H - This happens after crossing the critical point, but 
"infinitesimally" close to it, as we already mentioned. So, the correlation length that is relevant 
for magnetic monopole production by the Kibble mechanism |16j is approximately Hq 1 . 
The initial monopole number density can then be estimated |16j as 

"m* * (8-25) 
where p ~ 1/10 is a geometric factor. After inflation, the monopole number density becomes 



~ 4~7T 



3p i? 3 e" 357V , (8.26) 



where SN is the total number of e-foldings during the intermediate period and the subsequent 
new smooth hybrid inflation phase. Dividing nf£ by the number density rii n fl Vtr/fTMnfl of the 
inflatons that are produced at the termination of inflation (wi n fl is the inflaton mass and Vt r = Vq), 
we obtain that, at the end of inflation, the number density of monopoles um is given by 

H*L „ 3E H $e- 3SN ^. (8.27) 

This ratio remains practically constant until reheating, where the relative number density of mono- 
poles can be estimated as (c.f. [73]) 



s n- m t\ s 16vt mp 



e- 35N , (8.28) 



where s is the entropy density and the relations n; n fl/s = 3T r /4mi n fl (in the instantaneous inflaton 
decay approximation) and 3Hq = Vt T /m P were used. After reheating, the relative number den- 
sity of monopoles remains essentially unaltered provided that there is no entropy production at 
subsequent times. Taking jzm/s < 10 -30 , which corresponds [71] to the Parker bound [75] on the 
present magnetic monopole flux in our galaxy derived from galactic magnetic field considerations, 
T r - 10 9 GeV and H ~ 10 12 GeV, we obtain from Eq. (|OS|l that SN > 9.2. Using Eq. ([8~2l]) . 
this implies that N st < 45, where N st is the number of e-foldings of the pivot scale fco during the 
standard hybrid stage of inflation. Saturating this bound, we obtain a monopole flux which may 
be measurable. However, the interesting values of N st encountered here, in the global SUSY case, 
are much smaller (see below) and, thus, the predicted magnetic monopole flux is unlikely to be 
measurable. In the minimal SUGRA case, N st is restricted to quite small values (see Sec. 18. 3|) and 
the monopole flux is predicted utterly negligible. 

The model contains five free parameters, namely M, m, k, 7 and A. As already mentioned, the 
VEVs of H c , H c break the PS gauge group to Gsm, whereas the VEV of the field 4> breaks it only 
to Gsm x U(1)b-l- So, the gauge boson A 1 - corresponding to the linear combination of U(l)y 
and U(1)b-l which is perpendicular to U(l)y, acquires its mass squared m 2 A± — (5/2)g 2 \(H c )\ 2 
solely from the VEVs (H c ), (H c ) (g is the SUSY GUT gauge coupling constant). On the other 
hand, the masses squared m 2 A and rriyy of the color triplet, anti-triplet (A^ 1 ) and charged SU(2)r 
(Wr) gauge bosons get contributions from (0) too. Namely, m 2 A = g 2 (\(H c )\ 2 + (4/3)|(</>)| 2 ) and 
m 2, R = g 2 (\(H c )\ 2 + 21(0) | 2 ). As we will see below, the VEVs of H c and in the SUSY vacua of 
the model turn out to be of the same order of magnitude. Since the A ± gauge bosons are expected 
to affect the renormalization group equations to a greater extent than the ones (the SM singlet 
gauge boson A- 1 does not affect them at all), we set the mass tua divided by g w 0.7 equal to the 
SUSY GUT scale Mgut- We also set the value of the parameter p = y/2nM/m equal to l/y/2. 
Note that, for jl 2 > 0, this parameter is smaller than unity, as seen from Eq. (|8.3[) . Finally, we 
take T r to saturate the gravitino bound [BTj . i.e. T r ~ 10 9 GeV, and fix the power spectrum of the 
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Figure 8.1: Spectral index in standard-smooth hybrid inflation versus N at in global SUSY for 
p = \Z2nM/m — 1/V2- The parameter a = \(H c )\/\((j))\ ranges from 0.2 to 1.6 with steps of 0.2. 

primordial curvature perturbation to the WMAP3 [TT] normalization P^ 2 ~ 4.85 ■ 10~ 5 at the 
pivot scale k$. These choices fix three of the five parameters of the model. So, we are left with two 
free parameters. We take the ratio a = \(H c )\/\((f))\, which, for 7 adequately small, approximately 
equals y/rn/XM (see Eq. ()8.5j) ). to be one of them. The second free parameter can be chosen to 
be the number of e-foldings iV s t of the pivot scale ko during the standard hybrid stage of inflation 
(N^ can be fixed by adjusting e.g. the parameter 7). We plot our results [M] as functions of these 
two free parameters. 

In Fig. 18.11 we plot the predicted spectral index of the model versus the number of e-foldings 
iV s t suffered by the pivot scale kg during the standard hybrid stage of inflation, for various values 
of the parameter a. Note that N st is given by the last term in the right-hand side of Eq. (|8.21j) . 
We have restricted ourselves to -/V st 's between 4 and 45. The lower limit guarantees the validity 
of our requirement that all the cosmological scales receive perturbations from the first stage of 
inflation. Indeed, the number of e-foldings that elapse between the horizon crossing of the pivot 
scale fco and the largest cosmological scale 0.1 Mpc -1 is about 4. The upper limit on N st ensures 
that the present flux of magnetic monopoles in our galaxy does not exceed the Parker bound, as 
we showed above. The parameter a is limited between 0.2 and 1.6. Values of a lower than about 
0.2 require non-perturbative values of A, whereas a = 1.6 or higher is of no much interest since it 
leads to unacceptably large n s 's. Whenever a curve in Fig. 18. II terminates on the right, this means 

1 /2 

that the constraint on P^ cannot be satisfied beyond this cndpoint. The WMAP3 data fitted 
by the standard power-law ACDM cosmological model predict Qj] that, at the pivot scale ko, 

n s = 0.958 ±0.016 0.926 < n s < 0.99 (8.29) 

at 95% confidence level. We see, from Fig. I8.1[ that one can readily obtain spectral indices that 
lie within this 2-a allowed range. Moreover, the 1-er range is fully covered by the predicted values 
of the spectral index. Note, however, that one cannot obtain spectral indices lower than about 
0.936. It is obvious that large values of AT st , close to the Parker bound, are of no much interest 
in our case, since they yield large values for the spectral index. So, a possibly measurable flux of 
monopoles at the level of the Parker bound is rather unlikely in this model. 
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For the curves depicted in Fig. 18.11 7 varies [M] in the range 7 ~ (0.04 — 6) • 10~ 3 . It 
increases as a decreases or N st increases, with its dependence on N st being much milder. The 
ranges of the other parameters of the model are (i 1 : n ~ (0.46 — 3.62) • 10~ 2 , A ~ 0.004 — 1.56, 
M ~ (1.45 - 2.44) • 10 16 GeV, m ~ (0.13 - 1.56) • 10 15 GeV, a Q ~ (0.9 - 8.8) • 10 17 GeV, 
cr c ~ (0.8 - 2.3) • 10 17 GeV and a f ~ (0.5 - 1.5) • 10 17 GeV. The total number of e-foldings 
from the time when the pivot scale ko crosses outside the inflationary horizon until the end of the 
second stage of inflation is Nq ~ 53.7 — 54.7. Finally, dn s /d\nk ~ —(0.06 — 4) • 10 -3 and the 
tensor-to-scalar ratio r ~ (0.008 — 2.8) • 10~ 4 . A decrease in the value of p, which is the only 
arbitrarily chosen parameter, generally leads to an increase of the spectral index. Thus, smaller 
values of p are expected to shift the curves in Fig. 18. II upwards, but otherwise do not change the 
qualitative features of the model. 



8.3 Supergravity corrections 

We now turn to the discussion of the SUGRA corrections to the inflationary potentials of the 
model. The F-term scalar potential in SUGRA is given, as usual, by 



V 



— 3|W| 2 / m i 



(8.30) 



with K being the Kahler potential and F i * = W l + K l W/mp. A superscript (subscript) i denotes 
derivation with respect to the complex scalar field s, (s") and (K^ 1 )-! is the inverse Kahler 
metric. We will only consider supergravity with minimal Kahler potential and show that the 
WMAP3 results can be met for a wide range of values of the parameters of the model. 
The minimal Kahler potential in the model under consideration has, again, the form 



^min = | 5 |2 + |^|2 + |^|2 + j^c 

and the corresponding F-term scalar potential is 
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where s stands for any of the five complex scalar fields appearing in Eq. (|8.31[) . It is very easily 
verified that, on the trivial flat direction, this scalar potential expanded up to fourth order in \S\ 
takes the form 

1 \sr 



1 



2 TTlp 



.33) 



Thus, after including the SUGRA corrections with minimal Kahler potential, the effective potential 
during the standard hybrid stage of inflation becomes 



V: 



SUGRA 



tr 



T/mm 
v tr 



.34) 



with AV representing the one-loop radiative correction given in Eq. (|8.18p . Furthermore, it has 
been shown in Sec. I7.3l that the effective potential on the new smooth hybrid inflationary path in 
the presence of minimal SUGRA takes the form 



SUGRA 



V, 



1 |Sf 



nsm ~ „ 4 

2 mp 



.35) 



where U nsm = U nsm /u 4 and U nsm represents the effective potential on the new smooth hybrid 
inflationary path in the case of global SUSY. Note that, in the minimal SUGRA case, the critical 
value of a where the trivial flat direction becomes unstable, will be slightly different from the 
critical value of a in the global SUSY case. 
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The cosmology of the model after including the minimal SUGRA corrections follows straight- 
forwardly from that of the global SUSY case, if one replaces the inflationary effective potentials 
of the latter by the ones derived above and take into account some changes in the intermediate 
phase between the two main inflationary periods. Actually, one finds |64j numerically that, due 
to the larger inclination of the inflationary path provided by the minimal SUGRA corrections, 
the number of e- foldings during the intermediate period of inflation is reduced to about 2 or 3. 
Also, the value of a at which the system settles down on the new smooth hybrid inflationary path 
decreases to about a w 0.95 a c . Moreover, as it turns out, the evolution of the system can be very 
well approximated by the simplifying assumption that, during the intermediate phase, the system 
also follows the new smooth hybrid inflationary path. Therefore, we remove the term 8 from the 
right-hand side of Eq. (|8.2ip and replace the upper limit in the first integral by <r c . 

We again set the mass rriA of the color triplet, anti-triplet gauge bosons divided by g « 0.7 
equal to the SUSY GUT scale Mqut and the value of the parameter p = y/2KM/m equal to l/v2- 
We also take T r to saturate the gravitino bound [ST], i.e. T r ~ 10 9 GeV, and fix the power spectrum 
of the primordial curvature perturbation to the WMAP3 [TTJ normalization P^ 2 ~ 4.85 • 10 -5 at 
the pivot scale ko- Finally, we will again plot our results against the parameter a = \(H c )\/\((f>)\ 
and the number of e-foldings 7V st of the pivot scale fco during the standard hybrid stage of inflation. 

In Fig. l8.2[ we plot the predicted spectral index of the model in minimal SUGRA versus N st for 
various values of the parameter a. We have allowed N st to vary only between 4 and 45 for the same 
reasons mentioned in the global SUSY case. For a smaller than about 0.2, the required values 
of A turn out again to be non-perturbative, whereas, for a greater than about 0.7, the constraint 

1/2 

on P.j^ can not be satisfied. We see that spectral indices below unity are readily obtainable and 
that the central value n s — 0.958 from the WMAP3 results is achievable. Though, the spectral 
index cannot be reduced below n s ~ 0.953, as is evident from the curve with a = 0.2. Note that 
values of n s in the 95% confidence level range of Eq. (|8.29p can be obtained only if N st is lower 
than about 21. So, the predicted magnetic monopole flux in our galaxy is utterly negligible. 

The range of values of the parameter 7 on the curves of Fig. I8.2l is [64 7 ~ (0.17 — 3.43) ■ 10~ 3 
with 7 increasing with decreasing a and slightly increasing with increasing N st . The ranges of the 
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other parameters of the model on these curves are [M]: k ~ (0.66 — 1.35) -10 2 , A ~ 0.027 — 0.68, 
M ~ (2.12 - 2.44) • 10 16 GeV, m ~ (2.8 - 6.6) • 10 14 GeV, a Q ~ (0.95 - 3.05) • 10 17 GeV, 
cr c ~ (0.6 - 2) • 10 17 GeV and 07 ~ (4.9 - 9.9) • 10 16 GeV. The total number of e-foldings from 
the time when the pivot scale ko crosses outside the inflationary horizon until the end of the 
second stage of inflation is N Q ~ 54.1 - 54.5. Finally, dn s /d\nk ~ -(0.77 - 3.76) • 10~ 3 and 
r ~ (0.7 — 5.3) • 10 -5 . Again, a decrease in the value of p generally leads to a shift of the curves 
in Fig. 18.21 upwards, without though affecting the other qualitative features of the model. 

8.4 Gauge unification 

We will now briefly address the question of gauge unification in the model. As the careful reader 
may have noticed, cosmological considerations have constrained the mass parameter m to be sig- 
nificantly lower than Mqut, especially in the case of minimal SUGRA. This could easily jeopardize 
the unification of gauge coupling constants, and indeed it docs, as it turns out, since some of the 
fields that contribute significantly to the gauge running acquire masses of order m. Actually, there 
are two different scales below Mqut that give masses to fields contributing to the renormalization 
group equations for the gauge coupling constants. One of them is, as already mentioned, around m 
and the other is around | (H c ) \ = y/m\(<f))\/X. This holds in the minimal SUGRA case and, for not 
too large n s 's, in the global SUSY case too. Gauge unification is destroyed for two reasons. First 
of all, the fields which acquire masses below Mqut are too many and this causes the appearance 
of Landau poles in the running of the gauge coupling constants. Secondly, none of these fields 
has SU(2)l quantum numbers and thus, even if divergences were not present, the SU(2)l gauge 
coupling constant would fail to unify with the others . 

The first problem can be avoided by considering [64j the superpotential term £</> 2 </>, which is 
allowed by all symmetries of the theory (see Chap. 3]). The reason for not including this term in 
our discussion from the beginning is that it does not contain a coupling between the SM singlet 
components of cf>, cf> and so it does not affect the inflationary dynamics. This is because (fPifi is the 
mixed product of the three vectors <f>, <f> and <f> in the 3-dimensional space in which the SO (3) group 
that is locally equivalent to SU(2)r operates. Nevertheless, this term generates extra contributions 
of order |£(^)| 2 to the mass squared of some fields and can, thus, help us avoid the Landau poles. 

The second problem can be solved only by including extra fields in the model which affect the 
running of the SU(2)l gauge coupling constant (c.f. Sec. 16. 8|) . Note that, although the extended 
PS model under consideration already contains fields with SU(2)l quantum numbers which are 
not present in the minimal SUSY PS model, namely the fields h! and hi belonging to the (15, 2, 2) 
representation (see Chap.H]), these fields are not sufficient for achieving the desired gauge unifi- 
cation since they do not affect the running of the SU(2)l gauge coupling constant as much as it 
is required. Consequently, one has to consider the inclusion of some extra fields. There is a good 
choice [5D1 H2] which utilizes a single extra field, namely a superfield x belonging to the (15, 3, 1) 
representation. If we require that this field has charge 1/2 under the global U(l) R symmetry, 
then the only superpotential term in which this field is allowed to participate is a mass term of 
the form ^m x x 2 - One can then tune the new mass parameter m x so as to achieve unification of 
the gauge coupling constants. We find [S3] that this mass should be w 8 • 10 14 GeV. 

It turns out that one can achieve gauge unification at the appropriate scale (« 2 ■ 10 16 GeV) as 
long as the mass parameter m is constrained to lie above 3 • 10 14 GeV. This condition is fulfilled 
for almost all curves of Figs . I8TT1 and l8?2l except for the curves with a — 1.2, 1.4 and 1.6 in Fig. 18.11 
Note that this constraint is equivalent to the statement that the spectral index in the global SUSY 
case is less than about 0.98. So, the low spectral index regime is not affected. Furthermore, if one 
wants to be on the safe side, avoiding marginal gauge unification (the value m w 3 • 10 14 GeV leads 
to gauge unification with a rather large GUT gauge coupling constant, which is of order unity 
or larger), then one can impose the restriction m > 4 • 10 14 GeV, which leads to the constraints 
a < 0.8 for Fig. O and a < 0.5 for Fig. EH 
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Chapter 9 

Conclusions 



In this thesis we embarked upon the survey of the diverse inflationary cosmology coming from 
a specific particle physics model, namely the extended SUSY Pati-Salam model with Yukawa 
quasi-unification described in Chap.[U We found that this model, with the specific supermultiplct 
content, symmetries and superpotential terms, can lead to four distinct hybrid inflation scenarios 
of different types and provides a very flexible framework for inflationary phenomenology. 

Despite this fact, this model was not first constructed for cosmological purposes. It was 
designed (see Chap. 01 to cure the problem that, in SUSY models with exact Yukawa unification 
(such as the simplest SUSY PS model) and universal boundary conditions, the 6-quark mass 
receives unacceptably large values, for fi > 0. One way to deal with this problem is to allow 
for a moderate violation of Yukawa unification. This requirement has led to the extension of the 
superfield content of the SUSY PS model by including, among other things, an extra pair of SU(4) C 
non-singlet SU(2)l doublets, which naturally develop subdominant VEVs and mix with the main 
electroweak doublets of the model, leading to a moderate violation of Yukawa unification. Also, 
the presence of two extra superfields <f>, <f> in the (15, 1, 3) representation of Gps is necessitated 
by the requirement that the violation of Yukawa unification is of adequate magnitude. (Note, in 
passing, that this mechanism applied to the n < case does not lead [35] to a viable scheme.) 
It is quite remarkable that the resulting extended SUSY PS model automatically and naturally 
incorporates such a variety of inflationary models. 

First, we reviewed the "new shifted" hybrid inflation scenario, which was historically the first 
to arise from the extended SUSY PS model under consideration. In this model, the inflationary 
superpotential contains only renormalizable terms. In particular, the fields 4>, <f> lead to three new 
renormalizable terms which are added to the standard superpotential for SUSY hybrid inflation. 
We showed that the resulting potential possesses a "shifted" classically flat direction which can 
serve as inflationary path. We analyzed the mass spectrum of the model on this path and con- 
structed the one-loop radiative corrections to the potential. These corrections generate a slope 
along this path which can drive the system towards the SUSY vacuum. The observational con- 
straint on the power spectrum amplitude of the primordial curvature perturbation can be easily 
satisfied with natural values of the relevant parameters of the model. The slow roll conditions are 
violated well before the instability point of the new shifted path and, thus, inflation terminates 
smoothly. The system then quickly approaches the critical point and, after reaching it, enters 
into a waterfall regime during which it falls towards the SUSY vacuum and oscillates about it. 
However, there is no monopole production at the waterfall since Gps is broken to Gsm already on 
the new shifted path. 

As it turns out, the relevant part of inflation occurs at values of the inflaton field which are 
quite close to the reduced Planck scale. We cannot, thus, ignore the SUGRA corrections which 
can easily invalidate inflation by generating an inflaton mass of the order of the Hubble constant. 
In order to avoid this disaster, we described how a particular mechanism [IS] can be employed, 
leading to an exact cancellation of the inflaton mass on the inflationary path. This mechanism 
relies on a specific Kahler potential and an extra gauge singlet with a superheavy VEV via D- 
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terms. The observational constraint on P K can again be met by readjusting the input values of 
the free parameters which were obtained with global SUSY. 

When, in Sec. 15.21 we searched for flat directions in the potential, we pointed out the existence 
of an extra flat direction, apart from the new shifted and the trivial ones. We discussed the 
properties of this direction and the resulting inflationary scenario in Chap. \E\ Since the fields 
H° and H c do not have VEVs on this direction, in contrast to the fields 4> and </>, Gps is not 
broken to Gsm but to Gsm x U(1)b-l- Thus, we have coined the name "semi-shifted" hybrid 
inflation for this inflationary scenario. This direction acquires a slope from one-loop radiative 
corrections originating from the SUSY breaking caused by the non-zero potential energy density 
on this trajectory. As it turns out, inflation terminates by violating the slow-roll conditions well 
before the system reaches the critical point of the semi-shifted path. The subsequent breaking of 
the U(1)b-l symmetry following the end of inflation leads to the formation of local cosmic strings, 
which contribute a small amount to the primordial curvature perturbations. 

It is known that, in the presence of a network of cosmic strings, the present CMBR data 
can easily become compatible with values of the spectral index that are close to unity or even 
exceed it. We have used a recent fit [55] to CMBR and SDSS data which is based on field-theory 
simulations of a dynamical network of local cosmic strings. For the power-law ACDM cosmological 
model this fit implies that, at 95% c.L, the spectral index is n s = 0.94 — 1.06 and the fractional 
contribution of cosmic strings to the temperature power spectrum at t = 10 is /io = 0.02 — 0.18. 
Our numerical results show that semi-shifted hybrid inflation with inclusion of SUGRA corrections 
can easily become compatible with this fit even without the need of non-minimal terms in the 
Kahler potential or a subsequent second stage of inflation. Taking into account the constraints 
from the unification of the gauge coupling constants, we have found that, for a certain choice of 
parameters, the model yields /io — 0.039 in the HZ case (i.e. for n s = 1) and n s ~ 1.0254 for 
the best-fit value of /io (= 0.10). Spectral indices which are lower than about 0.98 cannot be 
obtained. So, the model shows a slight preference to blue spectra. The cosmological disaster from 
the possible overproduction of PS magnetic monopoles is avoided since there is no production of 
such monopoles at the end of inflation. 

A very different scenario can arise from the same SUSY PS model, for a wide range of the 
parameter space, in the limit where one of the dimcnsionless couplings of the theory, namely the 
parameter 7, becomes small. This is a new version of smooth hybrid inflation, which, in contrast 
to the conventional realization, is based only on renormalizable interactions. An important pre- 
requisite for the viability of this model is, as we pointed out, that a particular parameter of the 
superpotential is adequately small. Then the scalar potential of the model possesses, for a wide 
range of its other parameters, valleys of minima with classical inclination which can be used as 
inflationary paths. This scenario, in global SUSY, is naturally consistent with the fitting of the 
three-year WMAP data by the standard power-law ACDM cosmological model. In particular, the 
spectral index turns out to be adequately small so that it is compatible with the data. Moreover, 
as in the conventional realization of smooth hybrid inflation, the PS gauge group is already broken 
to the SM gauge group during inflation and, thus, no topological defects are formed at the end of 
inflation. Therefore, the problem of possible overproduction of PS magnetic monopoles is avoided. 

Embedding the model in SUGRA with a minimal Kahler potential raises the scalar spectral 
index to values which are too high to be compatible with the recent data. However, inclusion of 
the leading non-minimal term in the Kahler potential with appropriately chosen sign can help to 
reduce the spectral index, so that it resides comfortably within the allowed range. Furthermore, 
the potential along the new smooth inflationary path can remain everywhere a monotonically 
increasing function of the inflaton field. So, unnatural restrictions on the initial conditions for 
inflation due to the appearance of a maximum and a minimum on the inflationary potential, 
which is common when such a non-minimal Kahler term is used, are avoided. 

As we have seen, the extended SUSY PS model incorporating Yukawa quasi-unification, can au- 
tomatically lead to new versions of the shifted and smooth hybrid inflationary scenarios based solely 
on renormalizable superpotential interactions. In both of these cases, the PS GUT gauge group 
is broken to the SM gauge group already during inflation and, thus, no PS magnetic monopolc 
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production takes place at the end of inflation. In contrast to new smooth hybrid inflation, the 
new shifted one yields, in global SUSY, spectral indices which are too close to unity and without 
much running, in conflict with the recent WMAP data. Moreover, inclusion of minimal SUGRA 
raises n s to unacceptably large values in both of these inflationary scenarios. It turns out that 
this drawback can also be worked out within the same extended SUSY PS model. In Chap. [5] we 
saw that this model can also give rise a two-stage inflationary scenario which can give acceptable 
n s 's even in minimal SUGRA. This scenario is naturally realized for the range of values of the 
parameters that lead to new smooth hybrid inflation. The first stage of inflation is of the stan- 
dard hybrid type and takes place along the trivial classically flat direction of the scalar potential, 
which is stable for values of the inflaton field larger than a certain critical point. The inflaton 
is driven by the logarithmic slope acquired by this direction from one- loop radiative corrections, 
which are due to the SUSY breaking caused by the non- vanishing potential energy density on this 
direction. Note that, on the trivial flat direction, the PS gauge group is unbroken. Assuming that 
the cosmological scales exit the horizon during the first stage of inflation, we can achieve, in global 
SUSY, spectral indices compatible with the WMAP3 data by restricting the number of e-foldings 
suffered by our present horizon scale during this inflationary stage. 

The system, after crossing the critical point of the trivial flat direction, undergoes a relatively 
short intermediate inflationary phase and then falls rapidly into the new smooth hybrid inflationary 
path along which it continues inflating as it slowly rolls towards the vacua. Note that this path 
appears right after the destabilization of the trivial flat direction at its critical point. During 
this second stage of (intermediate plus new smooth hybrid) inflation, the additional number of 
e-foldings needed for solving the horizon and flatness problems is naturally generated and Gps is 
broken to Gsm- So, we see that the necessary complementary inflation is automatically built in the 
model itself and we do not have to invoke an ad hoc second stage of inflation as in other scenarios. 
Moreover, large reheat temperatures can be achieved after the second stage of inflation since this 
stage is realized at a superheavy scale. Therefore, baryogenesis via (non-thermal) leptogenesis 
may work in this case in contrast to other models where the reheat temperature is too low for 
sphalerons to operate. Finally, the PS monopoles that are formed at the end of the standard 
hybrid stage of inflation can be adequately diluted by the second stage of inflation. The monopole 
flux in our galaxy in the case of global SUSY is expected to be utterly negligible for values of the 
spectral index that are of importance. 

Including SUGRA corrections with minimal Kahler potential enhances the predicted values 
of the spectral index, which, however, remain within the allowed interval for a wide range of the 
model parameters. So, in this model, there is no need to include non-minimal terms in the Kahler 
potential and, thus, complications from the possible appearance of a local maximum and minimum 
on the inflationary potential are avoided. The monopole flux in the SUGRA case turns out not to 
be measurable for all the allowed values of the model parameters. 
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